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Abstract. Although small-scale testing suggests that vertical drains can be
effective in mitigating liquefaction induced pore pressure and
displacements, no full-scale drain installation has been subjected to an
earthquake. To address this problem, full-scale tests with vertical drains
were conducted in loose liquefiable sand using a 6 m high laminar shear
box and high-speed shaking system. Tests involved 75 mm diameter
slotted plastic drain piles at 0.9 m center-to-center spacing. The sand was
deposited by water pluviation to a relative density between 35 to 45%. Base
input motions consisted of 15 sinusoidal cycles with peak accelerations
increasing from 0.05g, to 0.10g, to 0.20g. In contrast to tests with untreated
sand, which liquefied completely after only a few cycles, the drains were
successful in increasing the number of cycles to liquefaction. In addition,
pore pressure dissipation at the end of shaking was markedly increased.
While liquefaction was not prevented in all cases, the ground surface
settlement was reduced by 40 to 60% relative to that for the untreated sand
case. This result is in agreement with previous centrifuge and blast
liquefaction field tests.

Keywords. Liquefaction, vertical drains, laminar shear box tests,
liquefaction hazard mitigation.

1. Introduction

Liquefaction of loose saturated sand results in significant damage to infrastructure in
nearly every major earthquake event. Liquefaction and the resulting loss of shear
strength can lead to landslides, lateral spreading of bridge abutments and wharfs, loss of
vertical and lateral bearing support for foundations, and excessive foundation settlement
and rotation. Liquefaction resulted in over $11.8 billion in damage just to ports and
wharf facilities in the 1995 Kobe earthquake [1], The loss of these major port facilities

! Corresponding Author, Prof., Civ. & Environ. Engrg., Brigham Young Univ., 430 EB, Provo, UT 84602
USA e-mail: rollinsk@byu.edu

2 Inspector, City of San Diego Inspection Dept., San Diego, CA USA, e-mail: oakes.caleb.r@gmail.com

3 First Lieutenant, US Army, e-mail: meservy 1@gmail.com



K.M. Rollins et al. / Liquefaction Mitigation Potential of Prefabricated Vertical Drains 2105

subsequently led to significant indirect economic losses. In the Christchhurch New
Zealand earthquake sequence liquefaction resulted in about $10 billion damge (Sjoerd
van Ballegooy, personal commuication).

Typically, liquefaction hazards have been mitigated by densifying the soil in-situ
using techniques such as vibrocompaction, stone columns, compaction grouting,
dynamic compaction, or explosive compaction. An alternative to densifying the sand is
to provide drainage so that the excess pore water pressures generated by the earthquake
shaking are rapidly dissipated, thereby preventing liquefaction. The excess pore pressure
ratio (Ry = excess pore pressure divided by the vertical effective stress) must normally
be kept below 0.4 to prevent excessive settlement due to increases in compressibility [2].

Vertical drains allow for pore pressure dissipation through horizontal flow which
significantly decreases the drainage path length. This feature becomes particularly
important when drainage is impeded by a horizontal silt or clay layer and a water
interlayer forms further increasing the potential for sliding [3] as illustrated in Figure 1.
Vertical drains can relieve these pressures, prevent the formation of a water interlayer,
and reduce the potential for lateral spreading and slope instability.

Figure 1. Illustration of the use of pre-fabriacated vertical drains for mitigating development of water interlayer
below a low-permeability layer to prevent slope failure.

Unfortunately, no field performance data is available to show how vertical drains
actually behave when subjected to earthquake motions. This lack of performance data
under full-scale conditions is an impediment to expanding the use of this technique. In
the absence of earthquake performance data, investigators have used a number of
methods to investigate the effectiveness of vertical drains. These methods include: field
tests involving controlled blasting [4] or vibrations [5] to induce pore pressure, centrifuge
testing with scaled models that are accelerated to simulate the stress levels existing under
field conditions [6, 7], and numerical methods [8].

Rollins et al. (2004) [4] report results from full-scale tests involving blast liquefaction
at sites on Treasure Island in San Franciso Bay and at the Massey tunnel portal, south of
Vancouver, Canada. Installation of the drains with a finned vibratory mandrel produced
about 27 cm of settlement over a 7.6 m length at Treasure Island (3.6% volumetric
strain), while installation to a depth of 12.8 m at Vancouver (10.4 m of liquefiable sand)
produced 35 cm of settlement (3.4% volumetric strain). The initial relative density at
these sites was about 50% and 40%, at Treasure Island and Vancouver, respectively.



2106 K.M. Rollins et al. / Liquefaction Mitigation Potential of Prefabricated Vertical Drains

Blast tests were subsequently performed at sites with and without drains. At Treasure
Island, maximum settlement in the area with drains was reduced to about 3 cm relative
to 8 cm at the site without drains, a settlement reduction of about 60%. At Vancouver,
the settlement profiles from the center of the test area extending radially outward are
compared in Figure 2. Maximum settlement was reduced from 50 cm in the untreated
area compared to about 30 cm in the area with drains, a settlement reduction of 40%.
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Figure 2. Comparison of liquefaction induced settlement profiles in adacent test areas with and without vertical
drains at Vancouver, British Columbia, Canada following blast testing [4].

In centrifuge tests, Marinucci et al. [6] used models with and without drains to
evaluate drain perofrmance with peak base accelerations ranging up to 0.28g. The
presence of the vertical drains typically reduced the measured settlement by 40 to 50%
relative to the models without drains. Marinucci et al. [6] found that the drains were
more effective in reducing excess pore pressure ratios at deeper depths (> 3 m) than at
shallow depths. They also found that the the settlement was correlated with the time the
excess pore pressure, R, remained above 50%. Apparently, the longer the R, value
remains high the sand will have more time to deform and strain.

While each of these methods can be used to obtain useful information, they both have
limitations. For example, the blast testing does not simulate the shaking that occurs in
earthquakes, while centrifuge testing involves scaling which can sometime lead to
uncertainty. Therefore, a full scale test is desirable to validate the results found in the
other tests which are analogues of the actual field conditions. To address this problem,
full-scale tests with vertical drains were conducted in loose liquefiable sand using the 6-
m high laminar shear box and high-speed actuator system at George E. Brown, Jr. NEES
facility at the Univ. at Buffalo in New York. This paper describes the testing details, the
basic test results, analysis results, and the conclusion obtained in this study.

2. Test Layout and Instrumentation
Plan and profile views of the laminar shear box are presented in Figure 3. The laminar

box consists of 40 stacked rectangular rings with dimensions as shown in Figure 3. Each
ring is 15 cm tall and is supported by a series of roller bearings which allows each ring
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to move independently in the horizontal direction so that the movement was largely
controlled by the mass of the soil inside the box. Therefore, the soil had the potential to
respond as it might in the field during earthquake shaking. Two flexible rubber
membrane liners were placed inside the laminar box to allow the sand to be saturated and
undrained during the cyclic loading. Acceleration time histories were imposed on the
bottom of the laminar box using two high-speed hydraulic actuators with a hydraulic
accumulator system.

50m

2.74m

6.1m

49 m

Figure 3. Plan and profile views of the laminar shear box with vertical drains in triangular pattern spaced at
0.9 m on centers.

Prior to sand deposition, vertical drains were hung from a frame above the box and
tied to a PVC grid at the bottom. As shown in Figure 3, the drains were placed in a
triangular pattern with a spacing of 0.9 m on centers. Therefore, there was no
densification associated with drain installation as would be the case for drains in the field
that are installed using a vibratory mandrel as discussed previously. The drains were 75
mm diameter corrugated plastic pipes with an outside diameter of approximately 94 mm
that was surrounded by a filter fabric “sock™ to prevent infiltration of sand. The drains
were cut-off about 40 mm above the ground to allow free drainage.
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The sand in the laminar shear box was deposited by water pluviation to a depth of
about 4.9 m. The sand was pumped from containers in a saturated state and deposited
into standing water at a height of about one meter using a spreader. The sand was a poorly
graded clean sand (Ottawa F55) with a mean grain size of 0.23 mm and a coefficient
uniformity of 1.52. Small buckets placed in the sand during deposition indicated that the
relative density was initially between 25 and 30% as shown in Figure 4. Downhole
permeability tests indicated that the horizontal hydraulic conductivity in the sand ranged
from 0.03 to 0.05 cm/sec with a slight decrease with depth.

Nine shaking tests were performed on the laminar shear box. Tests were performed in
three rounds with peak accelerations of 0.05g, 0.10g, and 0.20g for each round. A peak
acceleration of 0.20g was the highest acceleration permitted by the NEES@UB lab.
Figure 4 provides plots of the planned input base time histories. All motions consisted of
15 cycles of sinusoidal motions with a frequency of 2 Hz. Typically, 15 cycles of motion
are associated with a Magnitude 7.5 earthquake [9], which is often used as the base
magnitude for liquefaction studies. A ramp-up and ramp-down period was used to be
consistent with previous tests at the site that were used for comparisons.

Excess pore pressure was measured with three vertical arrays of pore pressure
transducers spaced at approximately 1.5 m depth intervals. These arrays were located at
mid-points between drains where the drainage effect would be lowest.
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Figure 4. Base input motions for each round of shaking.

Sand settlement was measured by string potentiometers anchored to plates the
ground surface along with Sondex “profilometers” which gave settlement versus depth
profiles with measurements at 60 cm depth intervals. In addition, total ground settlement
was computed by dividing the water volume expelled in each test by the surface area.

3. Test Results

Within seconds after shaking began in each test, water began flowing from each drain
pipe and continued to flow for a few seconds after the completion of shaking. Average
flow volume per drain with full drainage area was 5.5 to 8.2 liters/s for the first round of
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testing and decreased by about 40% for each round or testing. In contrast to other tests
without drains, there were no sand boils at the surface and the majority of flow appeared
to be coming from the drains themselves, although some flow could have come through
the soil profile iteself.
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Figure 5. Average relative density (D;) versus depth for each round of testing.
3.1. Excess pore pressure behavior.

Previous laminar shear box testing, with the sand at a similar relative density but without
drains, showed that the sand would liquefy within four cycles of loading with a peak
acceleration of 0.05 g [10]. In addition, after shaking, excess pore pressure ratios,
required 60 to 120 seconds or more to dissipate below 20%.

Excess pore pressure ratio time histories are provided at six depths for the second
round test subjected to a peak acceleration of 0.10g in Figure 6. With drains in place,
excess pore pressure ratios did not typically reach 100%, particularly at greater depths.
In contrast to the tests without drains, the excess pore pressure ratios immediately
decreased at the completion of shaking and excess pore pressure ratios were typically
less than 20% within a few seconds after the end of shaking. These results demonstrate
that the drains are significantly decreasing the rate of pore pressure generation and
increasing the rate of dissipation.
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Figure 6. Meaasured and computed Ru versus time curves for six depths during the second round of testing
with peak input motion of 0.10g.

The peak excess pore pressure ratio, Ry, is plotted as a function of depth for each
shaking test (namely, 0.05, 0.1, and 0.2g) for each round of testing in Figure 7.
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Figure 7. Peak excess pore pressure ratio for three arrays vs. depth plots for round 1, 2, and 3 test with 0.05,
0.10, and 0.20g base input motions per round. Peak values are averages at each depth for three transducers [11].
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Of course, ratios closer to the drains would likely have been lower. Typically, the peak
R, decreases with depth despite the fact that without drains, the entire sand layer within
just a few cycles at 0.05g acceleration. This result indicates that the drains are being
effective in reducing excess pore pressure; however, they are increasingly effective with
depth. This confirms results observed in centrifuge tests with drains [6, 7]. Thefore, some
combination of surface densification and drainage might provide an optimum solution.
In this regard, the densification produced by drain insertion in field applications could
be particularly beneficial.

With each progressive round of testing, the peak excess pore pressure ratio generally
decreased. Although this effect may be partially attributable to increasing density,
analyses of the development of pore presure with respect to induced shear strain suggest
that this a beneficial effect of drainage. At low relatively densities, the drains may not
have sufficient capacity to prevent liquefaction, but their effect may become more
significant as density increases.

3.2. Settlement Behavior

With drains, about 80% of the ground settlement occured during shaking and 95%
occurred after 5 seconds of additional pore pressure dissipation. Within each round,
settlement generally increased with acceleration, while settlement decreased with each
round of testing as the sand compacted.

Figure 8 provides a comparison of the cumulative settlement as a function of the
number of tests for the nine tests with drains spaced at 0.9 m, in comparison with
previous studies without drains. All settlement has been scaled to match a soil depth of
4.9 m, where necessary. The LG1 test involves repeated tests with a peak acceleration of
0.1g with an untreated sand layer 4.9 m deep (Thevanayagam, personal communication).
The IPSI1 test result involved testing with induced partial saturation treatment in a 3-m
thick layer of the total 4.9 m thickness [12]. Settlement has been scaled up proportionally
based on measurements showing that the untreated sand was responsible for the vast
majority of the settlement. In the IPS1 testing, the sand was subjected to 0.1g acceleration
for six tests and 0.2g acceleration for two tests. Significantly more settlement was
observed for tests where 0.2g accelerations were applied.
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Figure 8. Cumulative settlement versus number of shaking tests in laminar box with drains in comparison with
laminar box without drains (LG-1 and IPS1 Test) [12] (Thevanayagam, personal communication, 2015).
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Although the comparisons are not perfect nor completely direct because of differing
acceleration levels, using 0.05g, 0.1g, and 0.2g accelerations with the drains, it is clear
that the cumulative settlement curve for the profile with vertical drains is significantly
lower than without. In many cases the settlement is only 60 to 70 percent of the settlement
for the untreated sand. Considering that the untreated test curves are generally for 0.1g,
while the treated sand experienced three 0.2g cycles, the reduction produced by the drains
may be even greater than represented in Figure 8.

4. Analysis of Test Results

The performance of potentially liquefiable layers with prefabricated vertical drains has
commonly been analyzed using the computer program FEQDrain [13]. FEQDrain uses
an axi-symmetric finite element model of the soil profile and composite drain system.
The program models an individual drain within a grid of drains using a “radius of
influence” concept based on the drain spacing, also called a “unit cell” model. The
program computes the excess pore pressure ratio for each soil layer within the radius of
influence. It does this by computing how much pore pressure is generated by the
earthquake shaking in a given time interval and then subtracting how much pressure has
dissipated from water flowing to the drain in the same time interval. Key parameters in
this analysis are the hydraulic conductivity of the sand in the vertical and radial directions
along with the initial modulus of compressibility (my,) of the sand.

The program is able to compute head loss in the drain and considers storage volume
of the drain. The model also accounts for non-linear increases in the modulus of soil
compressibility resulting from elevated pore pressure and includes a pore pressure
generation model based on the number of cycles to cause liquefaction proposed by Seed
et al. [14]. Therefore, the user must specify the number of cycles required to cause
liquefaction without drains, the number of cycles produced during shaking, and the
duration of shaking. Besides calculating pore pressure response, the program can also
calculate settlement associated with drainage and dissipation of pore pressure.

The hydraulic conductivity was relatively well-defined versus depth based on
borehole permeability testing at the beginning of each round of testing and was found to
decrease with increasing relative density. However, estimation of the initial modulus of
compressibility was more problematic. Initial analyses using the initial my, values
recommended by Pestana et al. [13] produced poor agreement with the measured pore
pressure response. In addition, the recommended moduli were too stiff based on
liquefaction induced settlement models (e.g. [15]). Therefore, correlations based on
liquefaction induced settlement and relative density were used to make initial estimates
of my,. These values generally fell within the center of the range of my, values back-
calculated by field measurements.

Plots of computed R, versus time are also shown in comparison to the measured
curves in Figure 6 and the agreement is generally reasonable. However, at greater depths
(>3 m), the drains appear to be functioning better in dissipating pore pressure than would
be expected based on the computer model. Despite the good agreement, design of drains
in practice would require the appropriate consideration of the variability in hydraulic
conductivity and compressibility which are often difficult to quantify.

The settlements computed by the model were generally over-predicted by
approximately 50%; however, this level of agreement is consistent with agreement
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between many liquefaction-induced settlement prediction equations and measured
settlements [16].

Parametric analyses using the computer model indicate that the relatively rapid
loading rate (15 cycles in 7.5 seconds) in the laminar shear box testing produced a rather
severe test for the drains in comparison to a M7.5 earthquake where duration might be
on the order of 40 seconds [9]. Analyses with 15 cycles over 40 seconds (for M7.5
earthquake) indicated significantly lower peak excess pore pressure ratios and lower
settlements than for the laminar shear box tests. In contrast, reducing the hydraulic
conductivity by 50% produced a significant increase in peak excess pore pressure ratio
and settlement.

5. Summary and Conclusions

A series of shaking tests were performed with a 6-m tall laminar shear box in which 75
mm diameter vertical drains were placed in a triangular arrangement with a center-to-
center spacing of 0.9 m. Shaking consisted of 15 cycles of loading with peak
accelerations of 0.05, 0.10, and 0.2g. Tests were performed to evaluate the abiltiy of the
drains to reduce pore pressure and settelement in comparison to sand without drains. The
sand in the box was initially deposited at a relative density of about 25% but increased
with repeated shaking.

Based on the results of the laminar shear box testing the follwing conclusions can
been made:

1. Vertical drains were effective in reducing the peak excess pore pressure ratios
relative to tests without drains. The drains were more effective at greater depths
(>3m).

2. The drains carried large volumes of water to the surface and eliminated sand
boils observed in tests without drains. The rate of pore pressure dissipation was
significantly increased with drains and excess pore pressure ratios typically
dropped below 0.2 within a few seconds after the end of shaking.

3. Although the drains did not eliminate pore pressure induced settlement, the
settlement was reduced by about 30 to 40% of the settlement without drains.
This reduction is similar to that observed in centrifuge testing with vertial drains
[6 and 7] and blast induced liquefaction test [4].

4. Numerical analyses can provide reasonable estimates of pore pressure
generation and dissipation with proper consideration of hydraulic conductivity
and sand compressibility. However, design should include appropriate
consideration of potential variability in these parameters which are often
difficult to quantify.

Acknowledgements

Funding for this study was provided by Grant No. CMMI 1052645 from the National
Science Foundation and by FHWA pooled fund study TPF-5(244) supported by
Departments of Transportation from the states of Alaska, California, New York, and
Utah. Utah served as the lead agency with David Stevens as the project manager. This
support is gratefully acknowledged; however, the opinions, conclusions and



K.M. Rollins et al. / Liquefaction Mitigation Potential of Prefabricated Vertical Drains 2115

recommendations in this paper do not necessarily represent those of the sponsoring
organizations. We conducted the testing program at the NEES@UB laboratory at the
University at Buffalo with support from the George Brown Network for Earthquake
Engineering Simulation (NEES). We greatly appreciate the assistance of the laboratory
staff at NEES@Buffalo, particulary the support of Chris Budden.

References

[1] EQE  (1995).  “The  January 17, 1995 Kobe  Earthquake”  Summary  Report,
www.eqe.com/publications/kobe/economic.htm, sampled.

[2] Seed, H.B., and Booker, J.R. (1977). “Stabilization of Potentially Liquefiable Sand Deposits Using Gravel
Drains”, J. Geotech Engrg. 103(GT7), 757-768.

[3] Kulasingam, R., Malvick, E.J., Boulanger, R.W. and Kutter, B.L. (2004). “Strength loss and localization
at silt interlayers in slopes of liquefied sand”, J. Geotech. and Geoenv. Engrg. 130(11) 1192-1202

[4] Rollins, K.M., Goughnour, R.R., Anderson J.K.S. and McCain, A. (2004). “Liquefaction hazard mitigation
using vertical composite drains”. Procs. 13th World Conf. on earthquake Engineering, 10 p.

[5] Chang, W, Rathje, E.M., Stokoe, K.H., and Cox, B.R. (2004). “Direct evaluation of effectiveness of
prefabricated vertical drains in liquefiable sand.” Soil Dynamics and Earthquake Engineering, 24(9-10)
723-731.

[6] Marinucci, A. Rathje, E., Kano, S., Kamai, R., Conlee, C., Howell, R., Boulanger, R., and Gallagher, P.
(2008). “Centrifuge Testing of Prefabricated Vertical Drains for Liquefaction Remediation”, Procs.
Geotechnical Earthquake Engineering and Soil Dynamic Conf. ASCE, 10 p.

[7] Howell, R., Rathje, E.M., Kamai, R. and Boulanger, R. (2012). “Centrifuge modeling of prefabricated
vertical drains for liquefaction remediation.” J. of Geotech. and Geoenviron. Engrg. 138(3) 262-271.

[8] Vytiniotis, A. and Whittle, A. (2013). “Effectiveness of PV drains for mitigating earthquake-induced
deformations in sandy slopes”, Procs. Geo-Congress 2013, 908-917.

[9] Seed, H.B., Idriss, .M., Makdisi, F., and Bannerjee, N. (1975b). “Representation of irregular stress time
histories by equivalent uniform stress series in liquefaction analyses”, Earthquake Engineering Research
Center Report No. UCB/EERC 75-29.

[10] Bethapudi, R. (2008). “Liquefaction induced lateral spreading in large-scale shake testing”, Master’s
thesis, Civil Engineering Dept., Univ. at Buftalo.

[11] Rollins, K.M. and Oakes, C. (2019). Effectiveness of vertical drains for liquefaction mitigation based on
large-scale laminar shear box testing. Procs. 19" Intl. Conf. on Soil Mechanics and Geotechnical
Engineering, Seoul, South Korea, 4 p.

[12] Thevanayagam, S., Yegian, M., Stokoe, K., Youd, L., Nababan, F., Gokyer, S, Kazemiroodsari, H.,
Chunhui, Z. and Ghosh, S. (2015). “IPS UB NEES Report,” https://nees.org/resources/13610

[13] Pestana, J.M., Hunt, C.E. and Goughnour, KR. (1997). “FEQDrain: A finite element computer program
for the analysis of the earthquake generation and dissipation of pore water pressure in layered sand
deposits with vertical drains," Earthquake Engineering Research Center Report, No.UCB/EERC 97-17.

[14] Seed, H.B., Martin, P.P., and Lysmer, J. (1975a). "The generation and dissipation of pore water pressures
during soil liquefaction." Earthquake Engineering Research Center Report No. UCB/EERC 75-26.

[15] Ishihara, K. & Yoshimine, M. (1992). “Evaluation of settlements in sand deposits following liquefaction
during earthquakes”, Soils and Foundations, 32 (1): 173-188.

[16] Katsumata, K., and Tokimatsu, K. (2012). “Relationships between seismic characteristics and soil
liquefaction of Urayasu City induced by the 2011 Great East Japan Earthquake”, Proc., 9th Intl. conf. on
urban Earthquake Engineering/4th Asia Conf. on Earthquake Engineering, 601-606.




