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Drainage rigid piles represent a commonly used antiliquefaction treatment for saturated sand foundations. Small-scale model tests
on the liquefaction-resistant characteristics of drainage rigid piles subjected to blasting were conducted in this study. The effect of
ordinary rigid piles and drainage rigid piles on the disposal of saturated sand foundations was investigated by using carbon dioxide
(CO,) fracturing to generate explosive vibratory loads. The test results showed that the blast vibration load increased the relative
density of the site by approximately 10% and that the relative density was proportional to the burial depth. The site vertical
acceleration attenuations resulting from the two blasts were 35% and 45%, respectively, and the variation pattern of vertical
acceleration on both sides of drainage rigid piles and ordinary piles is similar. Drainage rigid piles can dissipate more than 70% of
the excess pore water pressure under liquefaction and can quickly accumulate excess pore water pressure and, likewise, quickly
dissipate excess pore water pressure. The higher the excess pore water pressure at a site is, the more effective the disposal by a
drainage rigid pile is. This field test provides a design reference for the engineering application of drainage rigid piles.

1. Introduction

According to the statistics obtained in previous surveys,
most earthquake damage to geotechnical structures is caused
by the liquefaction of foundation soils [1-3]. Sand lique-
faction is under the action of cyclic loading when caused by
earthquakes; if the saturated sand cannot be drained, the
stress borne by the soil skeleton will be transferred to the
pore water, resulting in a reduction of the effective stress,
thus causing the loss of strength and stiffness of the soil and
causing deformation of the soil layer [4-7]. Depending on
the mechanism of seismic liquefaction, antiliquefaction
measures for saturated sand foundations can be divided into
two major categories: one method is to improve the soil
quality, and the other is to change the soil stress. The
common methods for improving soil quality include the
replacement method [8], compacting method [9], and en-
closure method [10]. The methods used to change the soil

stress include pressurization [11], drainage [12], and pile
foundations [13]. Currently, the most common application
in engineering is still flexible pile methods with drainage
properties, such as extruded sand piles and gravel piles,
which account for more than half of the actual applications
[14]. However, these flexible piles have a limited treatment
depth, and for high-rise buildings, rigid piles are commonly
used to achieve a certain bearing capacity. Because rigid piles
themselves do not have drainage channels, when an
earthquake occurs the saturated sand foundation produces
liquefaction, and the excess pore water pressure accumulated
in the soil around the pile cannot be quickly dissipated,
thereby resulting in a series of seismic damages.

Since the main reason for the damage of rigid piles in
liquefied foundations is that the excess pore water pressure
generated by the soil around the piles cannot be effectively
dissipated, some scholars have begun attempting to add
drainage channels to rigid pile foundations to improve the
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seismic performance of rigid piles in liquefied foundations.
Yasuda et al. studied the effect of using sheet piles with
drainage channels in reducing embankment settlement and
suggested that sheet piles with drainage channels are more
effective than ordinary sheet piles [15]. Otsushi et al. in-
vestigated the effectiveness of drainage sheet pile treatment
of aqueducts and flume structures against liquefaction [16].
Subsequent research further showed that this method can
stop the lateral flow of the soil inside the enclosure when an
earthquake triggers the liquefaction of the site soil to reduce
the settlement of the superstructure due to liquefaction and
the uplift displacement of the underground structure
[17, 18].

However, most of the research on drainage rigid pile
treatment of saturated sand foundations is limited to indoor
shaking table tests, and the test scale is far from the actual
engineering field requirements. Therefore, in this study, blast
vibration is used to achieve near-prototype liquefaction site
conditions for saturated sand foundations [19-22] to in-
vestigate the characteristics of drainage rigid piles for the
disposal of blast liquefaction of saturated sand foundations.
High-energy gas fracturing technology has been developed
internationally [23-28]. In this paper, the blast vibration
effect required for the test was obtained by using carbon
dioxide pneumatic fracturing [29], and the acceleration
response of the site was monitored. According to the vi-
bration conditions generated by CO, pneumatic fracturing
at different air pressures, the changes in acceleration and
pore water pressure around ordinary piles and drainage rigid
piles were compared and analyzed, and the relative density
of the site before and after the test was tested to evaluate the
disposal of saturated sand foundations via drainage rigid
piles.

2. Materials and Methods

2.1. In-Site Conditions. Based on the necessary blast vibra-
tion conditions, an open site in Fenghuang Mountain,
Jiangning District, Nanjing, was chosen for the field test. The
equipment layout and site photos are shown in Figure 1. The
circular test pit dug at the site was 2.8 m in diameter and
1.2 m deep, with clay soil at the bottom and around the pit.
Two groups of carbon dioxide-fracturing containers were
buried at the bottom of the pit at a depth of 0.5 m. Vessels
1-4 in Figure 1 were used for the first test, where the mass of
dryice in each container was 450 g. Vessels 5-8 were used for
the second test, where the mass of dry ice in each container
was 680 g. Each set of vessels was arranged symmetrically for
the two piles to be laid out to allow a comparison of the
difference in the peripheral acceleration and pore pressure
between the two under the same blast vibration. After the
fracturing vessel was buried, the bottom of the pit was paved
with 0.2m of Yangtze River gray sand to protect the wa-
terproof membrane from being laid on top and prevent the
impact of blasts from damaging the membrane. Two ac-
celeration sensors were placed at the bottom of the pit to
monitor the vertical acceleration generated by the blast
vibration at the bottom of the pit to be used to compare with
the results of subsequent numerical simulations.
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After laying the waterproof membrane, the ordinary pile
and drainage rigid pile will be symmetrically arranged, as
shown in Figure 1. The spacing between the two is 0.8 m,
where the drainage rigid pile on the drainage body side faces
the pit wall arrangement. After the two piles were laid out,
water storage began, and the Yangtze River gray river sand
was filled in layers using the pluviation method to a total
depth of 0.8 m. Three pore water pressure sensors and three
acceleration sensors were placed along the depth of the
drainage body side of the drainage rigid piles, as shown in
Figure 1, with the acceleration sensors placed 10 cm outside
of the pore water pressure sensors.

The sand used in the test is Yangtze River gray sand,
whose dry density is 1 523kg/m’ and whose saturation
density is 1,943 kg/m’. The specific gravity of the soil par-
ticles is 2.622, which is expressed by G,. Other basic physical
and mechanical parameters are shown in Table 1, where C,,
is the inhomogeneity coefficient and e is the pore ratio. The
gradation curves are shown in Figure 2.

The sand in the backfill of the test excavation pit is poorly
graded, uniform fine sand, and according to the particle size
and combined with previous blast liquefaction tests, the sand
is highly susceptible to liquefaction under a blast load [30].

2.2. Test Equipment. 'The blast equipment used in the testis a
CO, pneumatic fracturing vessel [29], which works on the
principle of rapid combustion of a CO, fusion agent in CO,,
releasing a large amount of heat to promote the rapid
vaporization of dry ice powder, thus forming a transient high
pressure in a closed space and finally achieving the fracturing
effect. By adjusting the activity and heat value of the CO,
fusion agent, the pressure rise rate and action time can be
effectively controlled, which can avoid a transient strong
shock disturbance and noise, but can also achieve a more
ideal dynamic loading rate. The fracturing vessel and the
fracturing principle are shown in Figure 3. The ratio of the
mass of dry ice to the mass of the carbon dioxide fusion
agent is called mass ratio. By adjusting different mass ratios,
different fracturing effects can be obtained, generally
speaking, the best effect is achieved when the mass ratio
reaches 8.

Using the above carbon dioxide-fracturing vessel,
according to different mass ratios of dry ice powder and
carbon dioxide fusion agent, different fracturing effects can
be obtained in order to achieve the effect of different blast
vibrations in this experiment. In this test, the fracturing
vessel for the first test was a low mass ratio vessel, as shown
in Figure 1(a) with numbers 1-4, and the fracturing se-
quence was four vessels fractured at the same time. The
fracturing vessels in the second test were high mass ratio
vessels, as shown in Figure 1(a), numbers 5-8, and the
fracturing sequence was 5 and 7 fractured simultaneously,
followed by 8 and finally 6. Therefore, this experiment can be
divided into simultaneous fracturing blast vibration tests
and multiple fracturing blast vibration tests.

The drainage rigid pile used in the test was proposed by
Prof. Han-long Liu et al. [31], and its dimensions and
physical drawings are shown in Figure 4. In this test, the
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FIGURE 1: Site set-up scheme. (a) Number and location of the fracturing vessel, (b) site dimensions and equipment layout, and (c) schematic

diagram of the actual vessel location onsite.

TaBLE 1: Basic physical properties of the Yangtze River gray sand.
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similarity ratio considered was 1/10, the pile is buried at a
depth of 0.8 m. The top section of the pile is a square with a
side length of 4 cm. A prefabricated recess is provided on one
side of the pile for placing the plastic drainage panel, and the
drainage body is 2 cm wide and arranged along the pile body.
The drainage panel is wrapped around by geotextile to
prevent sand from entering it and blocking the drainage
channel. The dimensions of the ordinary pile were the same
as those of the drainage rigid pile.

Plastic drainage panels can form drainage channels
through which excess pore water caused by blast vibration
loads can flow out of the ground and reduce the excess pore
water pressure in the foundation. The advantage of this type

of drainage rigid pile in engineering practice is that it has
both the load-bearing performance of rigid piles and the
drainage performance of gravel piles, which can mitigate and
weaken the liquefaction natural disaster generated by sat-
urated sand foundations. A schematic diagram of its prin-
ciple is shown in Figure 5.

The finished site after the layout is shown in Figure 6.

2.3. Test Arrangement. Fracturing containers 1-4 in Figure 1
were filled with 450 g of dry ice, and the ambient temper-
ature at the site was 2 degrees Celsius. The sand layer at the
site before the blast vibration was probed with static cone
penetration equipment to obtain the lateral friction resis-
tance and the cone tip resistance at the corresponding depth.

After the completion of the blast vibration test, the sand
layer was tested again via a static cone penetration test
(CPT). The relative density before and after the blast



100

Shock and Vibration

Percent Finer (%)

3

1 10
Grain Size (mm)

—o— Yangtze River Gray Sand

—&— Toyoura Sand

F1GURE 2: Grading curve of the Yangtze River gray river sand.

Excitation device )
Electric detonator

Hole sealer
| _—Gypsum
Stratigraphic
| PVC pipe

Dry ice powder
Polyenergizer

(®)

FIGURE 3: CO, fracturing vessel and principle. (a) Physical image of the fracturing vessel. (b) Fracturing principle diagram.

vibration was calculated by using the field sand layer pa-
rameters obtained from the CPT, and the corresponding
situation of the site was analyzed.

A CPT was performed at a location slightly distant from the
two drainage rigid piles to reduce the disturbance to the sand
around the piles. Fracturing container numbers 5-8 were filled
with 680 g of dry ice, and the site ambient temperature was 2
degrees Celsius. The detonation sequence was simultaneous
detonation of fissionable vessels numbered 5 and 7, and dif-
ferential detonation of fissionable vessels numbered 8 and 6,
where each fracture interval was approximately 2.5s.

After completing the blast vibration test, a CPT was
conducted on the sand layer again, and the relative density
before and after the blast vibration was calculated by using
the field sand layer parameters obtained from the CPT to
analyze the corresponding situation of the site.

3. Results and Discussion

3.1. Comparison of the Site Phenomena after Blast Vibration.
The changes in the site characteristics before and after the
two tests were recorded using photographic equipment,
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FIGURE 4: Schematic diagram of drainage rigid pile. (a) Dimensions of the drainage rigid pile. (b) Physical drawing of the drainage rigid pile.

and the comparison of the site before and after the si-
multaneous fracturing blast vibration test is shown in
Figure 7.

As seen from Figure 7, after the blast vibration, water
seeped out of the sand surface partly marked by the red
squares, and slight settlement was produced on the surface
part of the site after the vibration. On the drainage side of the
drainage body of the rigid pile, i.e., the red circle part of the
figure, it can be clearly seen that water gushed out of the sand
surface through the drainage channel, while no water gush
out on the side of the ordinary pile, so obviously the drainage
channel played a role and facilitated the discharge of excess
pore water.

A comparison of the site before and after the multiple
fracturing blast vibration tests is shown in Figure 8.

It can be seen from Figure 8 that there was a significant
difference between the multiple fracturing blast vibration
tests and the simultaneous fracturing blast vibration test.
Due to the increase in the dry ice content in the fracturing
vessel, the fracturing power was significantly enhanced.

After the blast vibration, a large amount of water gushed out
from the drainage channel on one side of the drainage rigid
pile, while there was no obvious pore water gushing out
around the ordinary pile, and the drainage performance of
the drainage rigid pile was very excellent. As shown in the
red squares in Figure 8, most areas of the site after blast
vibration exhibited obvious settlement, and more pore water
seepage out of the ground and in the settlement area formed
an obvious puddle. A comparison between the drainage rigid
pile and the ordinary pile during the blast is shown in
Figure 9, which is a better visual comparison of the dif-
ference between the ordinary pile and the drainage rigid pile
in handling the excess pore water inside the sand under the
action of blast vibrations.

3.2. Relative Density Variation. Figure 10(a) shows the
variation curve of the CPT cone tip resistance along the
depth direction of the soil layer, and the measured results
show that the cone tip resistance of the test sand layer is less
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FiGUre 6: Final schematic of the site.

than 2 MPa. To obtain the relative density of the site, the in
situ equation suggested by Jamiolkowski et al. [32] is used for
the estimations in this study; this equation introduces a
correction factor, considers the compressive nature of the
soil, and presents an average relationship. The relative
density along the depth of the soil layer can be expressed as
an empirical function of the initial vertical effective stress
and the CPT cone tip resistance, as shown in equation (1):

4./ Pa
\90/ Pa

where Dy, is the initial relative density of the backfilled sand;
o,, is the initial vertical effective stress (kPa) at a depth in the
soil; g, is the CPT cone tip resistance (kPa); and p, is the
standard atmospheric pressure.

The initial relative density of the saturated soil layer is
35-55%, as calculated according to equation (1), where the
deeper the sand layer is, the greater the relative density, as
shown in Figure 10(b).

Dy =100]0.268 In - 0.675], (1)

Figure 7: Comparison of before and after the simultaneous
fracturing blast vibration test.

The relative density of the site after two blast vibrations
calculated according to equation (1) is shown in Figure 11.

The relative density of the site after the simultaneous
fracturing blast vibration test was 45%-60%, and the rela-
tionship curve between the relative density and the depth of
the sand layer is shown in Figure 11(b). The relative density
increased with the depth of the sand. This law is consistent
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FiGure 8: Comparison chart before and after multiple fracturing
blast vibration tests.

FIGURE 9: Schematic diagram of gushing water in the drainage
channel.

with the law measured before the experiment. The relative
density at the bottom of the sand layer is increased by 5%,
while the relative density at the top of the sand layer in-
creased by 10%.

The relative density of the site after the multiple frac-
turing blast vibration tests was 45%-65%, with the rela-
tionship curve between the relative density and the depth of
the sand layer shown in Figure 11(d). Compared with the
simultaneous fracturing blast vibration test, the increase in
the relative density of the site was not significant because the
site already had a certain degree of density after the si-
multaneous fracturing blast vibration test, and the relative
density of the sand layer at each depth is increased by ap-
proximately 5%. The comparison graphs before and after the
field test in Figure 8 show that a large area of uneven set-
tlement occurred at the site, which needs to be further
judged by the monitoring results of the field pore water

pressure. In general, the relative density of the site decreased
with a decreasing depth of burial.

3.3. The Variation Pattern of Vertical Acceleration. As shown
in Figure 1(b), according to the arrangement of the field
equipment, the acceleration sensors on the side of the or-
dinary pile are numbered A1-A3 from top to bottom, and
the pore water pressure sensors are numbered P1-P3; the
acceleration sensors on the side of the drainage rigid pile are
numbered A4-A6 from top to bottom, and the pore water
pressure sensors are numbered P4-P6; the acceleration
sensors at the bottom of the drainage rigid pile are numbered
A7, and the acceleration sensors above the fracturing vessel
are numbered A8. All acceleration sensors monitor the
response of vertical acceleration.

The acceleration time curves of A7 and A8 at the bottom
of the pit are shown in Figure 12. The A8 acceleration sensor
was located directly above the fracturing vessel with a peak
vertical acceleration of 6.643g, and the A7 acceleration
sensor was located at the bottom of the pile with a peak
vertical acceleration of 2.674 g. The peak vertical acceleration
of A7 was much smaller than the peak vertical acceleration of
A8, which shows that the decay of vertical acceleration in the
horizontal direction was more drastic.

Figure 13 shows the variation law of the peak vertical
acceleration along the depth on the pile side during the blast
vibration.

From the figure, the peak vertical acceleration variation
law on both sides of the drainage rigid pile and the ordinary
pile is consistent, the values are close, and there is no
obvious difference. In the depth range of 1 m-0.4m at the
bottom of the pit, the acceleration peak decreased with
depth, but there was a certain degree of acceleration am-
plification at measurement points Al and A4 near the
surface at the top. According to the research of previous
scholars, the site and terrain had certain influences on the
ground vibration parameters. For both horizontal and
vertical acceleration, there was an amplification effect of
acceleration at the ground surface [33], and measurement
points Al and A4 of this test were near the ground surface,
so there was a certain amplification of the vertical
acceleration.

The vertical acceleration time curves of A7 and A8 at
the bottom of the pit under the effect of multiple fracturing
blast vibrations are shown in Figure 14. The fracture se-
quence was the simultaneous fracture of vessels 5 and 7,
followed by the fracture of vessel 8 for 2.5s and finally
vessel 6. The peak vertical acceleration of the A8 acceler-
ometer directly above the fracturing vessel was 8.319 g and
the peak vertical acceleration at the bottom of the drainage
rigid pile was 3.262g. The increase in the dry ice mass
effectively improved the effect of the blast vibration,
making the fracturing power more significant, resulting in
a greater acceleration response of the site, and leading to an
increase in the relative density of the site after the multiple
fracturing blast vibration tests.

The variation pattern of the peak vertical acceleration
along the depth of the pile side during the multiple fracture
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blast vibrations is shown in Figure 15. The peak vertical
acceleration variation pattern was consistent with the si-
multaneous fracture test, except that the acceleration decay
had more obvious changes.

3.4. Accumulation and Dissipation of the Pore Water Pressure.
When studying the problems associated with saturated sand
foundations under the action of blast vibration, the main
concern is whether or not the sand is liquefied. To discern
whether or not the studied soil is liquefied, the ratio of the
excess pore water pressure to the initial effective stress (PPR)
is used to determine whether or not the soil is liquefied [34],
and the expression of PPR is

Au
PPR = — x 100%, (2)
Oy

where Au is the excess pore water pressure (kPa) and o, is
the initial effective stress (kPa). From equation (2), the PPR
can be seen as a dimensionless scalar quantity.

The time course curves of the excess pore water pressure
on both sides of the ordinary pile and the drainage rigid pile
in the simultaneous fracturing blast vibration test are shown
in Figure 16.

As shown in Figure 16, each burial depth of the site at
the moment of blast vibration generated a certain degree
of negative excess pore water pressure, and then the
negative excess pore water pressure accumulated up to a
positive excess pore water pressure. The reason was that at
the moment of fracturing, the bottom of the site was
impacted by the blast, resulting in the instantaneous
expansion of the saturated sand in the site, which pro-
duced a greater suction on the pore water around both the
drainage rigid piles and ordinary piles. However, the
difference is that it took 1.5s for the accumulation of

Shock and Vibration

excess pore water pressure from a negative value to a
positive value on the side of ordinary piles, while the
excess pore water pressure on the side of drainage rigid
piles rose to a positive value almost instantaneously,
which shows that the drainage channel can accelerate the
accumulation of excess pore water.

According to the time course curve, the peak excess pore
water pressure of each pore water pressure sensor and the
excess pore water pressure value after the dissipation of
excess pore water were recorded, and then the PPR of the
corresponding moment was calculated according to equa-
tion (2). The results are shown in Table 2.

The simultaneous fracturing blast vibration test caused a
rise in the excess pore water pressure at the saturated sand
foundation to not be particularly significant, as seen from
the calculation results in Table 2. The two measurement
points P3 and P6 with the deepest burial depth have the
largest rise in excess pore water pressure. P3 was the
measurement point on the side of the ordinary pile, the peak
excess pore water pressure was 1.488 kPa, and the PPR was
0.25. P6 was the measurement point on the side of the
drainage rigid pile, the peak excess pore water pressure was
1.741 kPa, and the PPR was 0.29. The P3 and P6 data were
similar, which means that the site was not liquefied at a
depth of 0.6 m. The peak PPR at the remaining burial depths
did not meet the criteria for liquefaction, so it can be de-
termined that the site did not meet the conditions for lig-
uefaction in the simultaneous fracturing blast vibration test.

A comparison of Figure 16 and Table 2 shows that the
time from peak dissipation to stabilization of excess pore
water pressure on both sides of the ordinary pile and
drainage rigid pile is not consistent. It took 12.71s to
dissipate the excess pore water pressure from peak to stable
on the side of the ordinary pile, while it took 7.86 s on the
side of the drainage rigid pile. The peak PPR was the
smallest at a 0.4-m burial depth for both drainage rigid piles
and ordinary piles, which indicated that the infiltration of
pore water at the site was not uniform. It can be seen from
the final dissipated PPR that the final distribution of excess
pore water pressure was gradually reduced with a de-
creasing burial depth for both drainage rigid piles and
ordinary piles.

In order to compare the ability of ordinary piles and
drained rigid piles to finally dispose of excess pore water in
saturated sand foundation, the magnitude of change of
excess pore water pressure after dissipation to stability is
used as an indicator. The dissipation value is obtained by
subtracting the dissipated excess pore water pressure from
the peak excess pore water pressure, and then dividing the
dissipation value by the peak excess pore water pressure to
obtain the dissipation magnitude, and the comparison graph
is shown in Figure 17.

At a burial depth of 0.15m, it can be seen that both the
drainage rigid pile and the ordinary pile dissipated 99% of
the excess pore water pressure, and that the excess pore
water was almost dissipated because the burial depth of these
two places was shallow, and the pore water can be discharged
from the surface more easily. Ata burial depth of 0.4 m, there
was a clear difference between the two, with 39% dissipation
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FI1GURE 16: Data from simultaneous fracturing blast vibration test. (a) Time course curve of excess pore water pressure in sand on one side of
the ordinary pile. (b) Time course curve of excess pore water pressure in sand on one side of the drainage rigid pile.

TaBLE 2: Excess pore water pressure and PPR of each measurement point.

Pore water pressure Peak excess pore water pressure/  Peak Excess pore water pressure after PPR after
sensor kPa PPR dissipation/kPa dissipation
P1 0.661 0.48 0.005 0

P2 0.415 0.11 0.336 0.10

P3 1.488 0.25 1.173 0.20
P4 0.571 0.42 0.003 0

P5 1.013 0.28 0.610 0.16

P6 1.741 0.29 1.327 0.22

on the side of the drainage rigid pile and only 19% dissi-
pation on the side of the ordinary pile. At a burial depth of
0.65m, there was not much difference in the magnitude of
dissipation between the two, but in general it was still slightly
greater on the side of the drainage rigid pile than on the side
of the ordinary pile. The drainage body on the side of the
drainage rigid pile formed the drainage channel well, which
favorably proves the working traits of the drainage rigid pile.

The time course curves of the excess pore water pressure
on both sides of the ordinary pile and the drainage rigid pile
in the multiple fracturing blast vibration tests are shown in
Figure 18.

In a very short amount of time, the excess pore water
pressure on both sides of the drainage rigid pile and the
ordinary pile accumulated rapidly, from negative to positive,
and at 2.5s after the fracturing of containers 5 and 7,
container 8 was fractured, at which time the excess pore
water pressure did not accumulate to the peak on either side
of the ordinary pile or drainage rigid pile. Under the action
of the blast vibration load produced by the fracturing of
container 8, the excess pore water pressure increased further
and rapidly reached a maximum, and the excess pore water
pressure was recorded as peak 1. Then the excess pore water
pressure began to dissipate until the final container 6 cracked
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FiGuRre 18: (a) Time course curve of excess pore water pressure in sand on one side of the ordinary pile. (b) Time course curve of excess pore

water pressure in sand on one side of the drainage rigid pile.

and the excess pore water pressure rose again. The maximum
accumulated at this time was recorded as peak 2.

The excess pore water on one side of the ordinary pile
leveled off before the accumulation of the vessel 8 fracture,
and the slope of the time course curve was smaller, while the
excess pore water pressure of the drainage rigid pile still
maintained a fast rising trend before vessel 8 fractured, and
the slope of the time course curve was larger, which indi-
cated that the excess pore water could be rapidly discharged
upward along the drainage channel due to the presence of
the drainage body.

As shown in Figure 18, the time required to dissipate the
excess pore water pressure from peak 2 to stability was
43.36s for ordinary piles, while the time required for the
drainage rigid piles was only 9s. Compared with the si-
multaneous fracturing test, the larger the excess pore water
pressure is, the greater the rigid pile of drainage rigid pile can
play in the characteristic of rapid pore water pressure
dissipation.

The excess pore water pressure at each moment was
summarized, the corresponding PPR values were calculated,
and the results are shown in Table 3.

According to the peak 2 PPR data of the ordinary pile
measurement points, at a burial depth of 0.65m the PPR
reached 0.89; at this time, it can be considered that the

saturated sand at a 0.65-m burial depth was close to lig-
uefaction. At a burial depth of 0.4m, the PPR was 0.64,
which did not reach the level of liquefaction. At a 0.15-m
burial depth, the PPR was 1.64, which was much larger than
1, the soil here was completely liquefied. Combined with the
relative density plot of the site in Figure 11 and the peak
acceleration plot in Figure 14, it is evident that during
multiple blast vibrations the site’s relative density did not
change too much before and after the test, so the 0.65-m
burial depth already had a high density. As the saturated
sand at the bottom of the pit was most affected by the blast
vibration, the site acceleration response was the largest and
the site was prone to liquefaction, so the PPR was relatively
close to liquefaction. The relative density of saturated sand in
the range of 0.3-0.5m varied greatly, indicating that the
saturated sand was not completely densified and that the
excess pore water could infiltrate upward more quickly, so
the PPR at 0.4 m was smaller and liquefaction did not occur.
The relative density at a 0.15-m depth was not significantly
different before and after the two tests, but the acceleration
near the surface at 0.15 m was somewhat amplified, and the
excess pore water seeping upward from a 0.4-m depth made
the excess pore water pressure increase rapidly at a 0.15-m
depth, while the total soil stress at a 0.15-m depth was
smaller and the relative compactness was lower here, so the
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TaBLE 3: Excess pore water pressure and PPR of each measurement point.
Pore water Peak 1 excess pore Peak 1 Peak 2 excess pore Peak 2 Excess pore water pressure PPR after
pressure sensor water pressure/kPa PPR water pressure/kPa PPR after dissipation/kPa dissipation
P1 1.736 1.28 2.233 1.64 0.003 0
P2 2.100 0.58 2.346 0.64 1.493 0.40
pP3 5224 0.88 5.232 0.89 2.378 0.41
P4 1.593 1.17 1.550 1.14 0.002 0
P5 2.797 0.77 2.655 0.73 0.200 0.06
P6 5.015 0.85 4.675 0.80 1.289 0.22
99 99 pile side was 0.06, and the excess pore water pressure was
100 4 92 dissipated by 92%. At a depth of burial of 0.65 m, the PPR on
the ordinary pile side was 0.41, with a 54% dissipation of the
£5 g0 72 excess pore water pressure, while the PPR on the drainage
g e rigid pile side was 0.22, with a 72% dissipation of the excess
= pore water pressure. Compared with the results of the si-
‘§ g 60 >4 multaneous fracturing test, it can be seen that the higher the
2 g blast vibration load is, the higher the excess pore water
S 40+ 36 pressure caused by the site, the more effective the drainage
§ 3 rigid pile is in dissipating the saturated excess pore water
e " pressure, and the drainage rigid pile can dissipate a larger
} amount of excess pore water pressure in a shorter period of
time.
0
0.15 0.4 0.65 .
Depth (m) 4. Conclusions

[ Ordinary pile
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FiGure 19: Dissipation magnitude of excess pore water pressure

under the disposal of ordinary piles and drainage rigid piles for
multiple fracturing blast vibration tests.

PPR here reached 1.64, which was much larger than 1,
leading to the saturated sand being completely liquefied.

According to the peak PPR data of the measured points
of the drainage rigid pile, at a burial depth of 0.65m, the
PPR was 0.85, and the saturated sand here was close to
liquefaction. At a burial depth of 0.4 m, the PPR was 0.77,
which does not reach the liquefaction standard. At a burial
depth of 0.15 m, the PPR was 1.17, which was greater than 1;
obviously, the saturated sand here had been completely
liquefied. Therefore, the liquefaction law of the soil on both
sides of the drainage rigid pile and the ordinary pile is
similar.

In order to compare the ability of ordinary piles and
drainage rigid piles to finally dispose of excess pore water in
saturated sand foundations, the magnitude of the change in
excess pore water pressure from peak 2 dissipation to sta-
bilization is used as an indicator, with the comparison graph
shown in Figure 19.

After the dissipation was completed, the excess pore
water on one side of the ordinary pile could also be smoothly
dissipated. The final PPR was 0 because 0.15 m was close to
the surface and the relative density of the site was ap-
proximately 45%. At a 0.4-m burial depth, the PPR of the
ordinary pile side was 0.4, and the excess pore water pressure
was dissipated by 36%, while the PPR of the drainage rigid

In the fracturing blast vibration tests, the blast vibration load
on the saturated sand foundation was generated by the CO,
fracturing vessels. The responses of the saturated sand
foundations under the disposal of ordinary piles and
drainage rigid piles were compared. The main conclusions
are as follows.

(1) The initial relative density of the saturated sand
foundation was 35-55%, and the relative density of
the site was 45-60% after the simultaneous frac-
turing blast vibration test. The relative density of the
site was 45-65% after multiple fracturing blast vi-
brations. After the simultaneous fracturing test, the
site was densified to a certain extent, so the increase
in the site density after the multiple fracturing tests
was not obvious. The vertical acceleration response
patterns were similar for the two tests.

(2) In the simultaneous fracturing blast vibration test, the
excess pore water pressure on the drainage rigid pile
side rose to the peak instantaneously, while it took
1.5 to reach the peak on the ordinary pile side. The
dissipation time of the excess pore water was 12.71s
for the ordinary pile side, while it was 7.86's for the
drainage rigid pile side. The rate of excess pore water
pressure rise on one side of the drainage rigid pile was
also greater than that of the ordinary pile during
multiple fracturing blast vibrations, and the dissipa-
tion time of the drainage rigid pile was shortened by
approximately 34 s compared with that of the ordinary
pile. This indicates that the drainage rigid pile can
quickly accumulate excess pore water pressure and,
likewise, quickly dissipate excess pore water pressure.
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(3) In the simultaneous fracturing blast test, the final
dissipation of the excess pore water pressure at
depths of 0.4m and 0.65m on one side of the or-
dinary pile was 19% and 21%, while the dissipation
under the action of drainage rigid piles was 39% and
23%. In the multiple fracturing blast tests, the final
dissipation of excess pore water pressure at depths of
0.4 m and 0.65 m on one side of the ordinary pile was
36% and 54%, while the dissipation under the action
of drainage rigid piles was 92% and 72%. The
drainage channel plays a good role in terms of
drainage, where the greater the excess pore water
pressure is, the more obvious the effect of the
drainage rigid piles.

(4) In multiple fracturing blast vibration tests, uneven
liquefaction occurred at the saturated sand site, and
the liquefaction patterns of the sand soil were the
same on both sides of the ordinary pile and the
drainage rigid pile; however, the PPR of the drainage
rigid pile side in the near liquefaction or liquefaction
region was smaller than that of the ordinary pile side,
indicating that the drainage rigid pile could inhibit
part of the accumulation of excess pore water
pressure in the case of liquefaction, thus reducing the
peak excess pore water pressure.
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