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Liquefaction has typically been mitigated by in-situ densification; however, this is often

time-consuming and expensive. In addition, in-situ densification is difficult to accomplish when

sands contain fines. Vertical composite earthquake (EQ) drains offer the possibility of

preventing liquefaction and associated settlement while reducing the cost and time required for

treatment. To evaluate the behavior of these drains under full-scale conditions, controlled

blasting techniques were employed to liquefy loose sand at a test site in Vancouver, British

Columbia. The soil profile contained a liquefiable clean sand layer from 6 to 13 m below the

ground surface.

A blast liquefaction test was first performed on an untreated site and then the same

explosive charge sequence was used on two sites treated with earthquake drains. At one drain

test are4 drains were installed with a pipe mandrel in a manner to effect as liüle soil

densification as possible. At a second area, drains were installed with a finned mandrel using

high vibration designed to produce soil densification. Very little settlement was produced in the

first area, but signif,rcant settlement (volumetric strains of 2.5%) was produced in the second

area. Although settlement clearly showed derrsification, CPT soundings conducted 3 to 5 days

after drain installation showed a 30 to 50olo decrease in cone tip resistance.

Although the EQ Drains were insufficient to prevent initial liquefaction during the rapid

loading produced by the blasts, the measured rate of dissipation \ilas signif,rcantly greater at both

drain test areas than in the untreated area. Dissipation rates were similar for both areas treated

with drains. Despite the high pore pressures, the blast induced settlement in the first drain test

area was only 60%o of that in the untreated area. CPT soundings conducted over a two month

period after blasting showed a 20 point increase in relative density for the layer where drains

were installed with high vibration while a l0 point increase was produced where drains were

installed with low vibration. This result indicates that both blast treatment and drain installation

can produce significant increases in density.

'With minor modif,rcations in the input parameters, computer analyses performed using

FEQDrain were successful in matching measured pore pressure and settlement response during

the blasting. These calibrated models were then used to model response to a variety of

earthquake events. The results indicate that the drains can pievent liquefaction and excessive

settlement when drain diameter and spacing are properly designed for the expected earthquakes.
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One of the most destructive effects of earthquakes is the phenomenon known as

liquefaction. 'When liquefaction occurs in loose saturated sands, the soil loses shear strength and

temporarily acts as a liquid. Such temporary loss of shear strenglh can have catastrophic effects

on earthworks or structures founded on these deposits. Liquefaction has resulted in significant

damage to transportation systems in nearly every major earthquake event. For example,

liquefaction resulted in nearly $1 billion worth of damage during the 1964 Niigata Japan

earthquake (NRC, 1985), $99 million damage in the 1989 Loma Prieta earthquake (Holzer,

1998), and over $ll.S billion in damage just to ports and wharf facilities in the 1995 Kobe

earthquake (EQE, I 995).

Typically, liquefaction hazards have been mitigated by densifying the soil in-situ using

techniques such as vibro-compaction, deep soil mixing, dynamic compaction, or explosives'

While these techniques have generally proven effective in clean sands, they are not successful

for sands with higher f,rnes contents. In addition, these conventional methods are relatively

costly and time-consuming. In an era when transportation construction budgets are becoming

increasingly tight and projects are increasingly placed on fast-track schedules, innovative

alternative solutions are required to deal with liquefaction hazards.

An altemative 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 from occurring. The concept of using vertical gravel drains for liquefaction

mitigation was pioneered by Seed and Booker (1977) who developed design charts that could be

used to determine drain diameter and spacing. Improved curves which account for head losses

were developed by Onoue (19SS). Although gravel drains or stone columns have been utilized at

many sites for liquefaction mitigation, most designers have relied on the densification provided

by the stone column installation rather than the drainage. Some investigators suspect that

significant settlement might still occur even if drainage prevents liquefaction. In addition,

investigators have found that sand infiltration can reduce the hydraulic conductivity and flow

capacity of gravel drains in practice relative to lab values (Boulanger et al, 1997)

One recent innovation for providing drainage is the Earthquake Drain (EQ-Drain) EQ

Drains are vertical, slotted plastic drain pipes 75 to 150 mm in diameter. These drains are

installed with a vibrating steel mandrel in much the same way that pre-fabricated vertical drains

I

1.0 INTRODUCTION



(PVDs) are installed for consolidation of clays. The drains are typically placed in a triangular

grid pattem at center-to-center spacings of 1 to 2 m depending on the permeability of the soil to

be treated. In contrast to conventionat PVDs, which have limited flow capacity (2.83 x l0-s

m3/sec, for a gradient of 0.25), a 100 mm diameter drain can carry very large flow volumes

(0.093 m3/sec) sufficient to relieve water pressure in sands. This flow volume is more than l0

times greater than that provided by a I m diameter stone column (6.51x10-3 m3/sec). Filter fabric

tubes are placed around the drains to prevent infiltration of silt and sand. These vertical drains

can be installed more rapidly and at a fraction of the cost of stone columns. For example, for a

12 m-thick layer,treatment with stone columns would typically cost $107/m2 of surface area and

vibro-compaction would cost $75lm2, while the drains only cost $48/m2 (Nilex, 2002). In

addition, the drains can be installed in about one-third to one-half of the time required to treat a

profile using conventional means.

Although EQ-Drains have already been used at a few sites in the US, no installation has

experienced an earthquake and this lack of field perfonnance data is a major impediment to

expanding the use of this technique. In addition, there is very little data available to indicate

what degree of densification would be produced during drain installation and how this would

improve overall performance. If field tests can prove the effectiveness of the drainage technique,

significant time and cost savings can be achieved for both new construction and for retrofit

situations. Drains could potentially be used to prevent liquefaction in sands with high fine

contents which camot be improved with conventional techniques; however, drain spacing would

have to be closer than for clean sands. Drains could be placed in zones around deep foundations

to prevent liquefaction and loss of skin friction or under shallow foundations to improve bearing

capacity. Drains could also be placed in sections of a slope to prevent sliding or within loose

backfill behind a quay wall to limit lateral movements.

Equipment for installing the drains can be easily developed with minor modifications to

equipment that is already widely used by geotechnical specialty contractors. Therefore, the

implementation of the method would be relatively simple once it is proven effective. In addition,

simplified equations (Onuye, 1988) and computer programs (Pestana et al, 1997) are available to

aid designers in selecting drain diameters and spacings if they can be validated by field

petformance testing.



1.1 INVESTIGATIVE APPROACH

As with all new techniques, full-scale verification of the theoretical principles involved is

required before the method can be reliably used in practice. In the present case, verification is

especially difficult because of problems in simulating large-scale earthquake effects. Rather than

instrumenting a freld site and waiting for an earthquake to test the drain behavior, we have used

controlled blasting techniques to produce liquefaction under field conditions and compared

behavior with and without vertical drains. The tests were carried out at site near the south portal

of the Massey Tunnel which passes under the Fraser River in Vancouver, British Columbia,

Canada as shown in Fig. 1. This site is within 220 meters of a Canadian Liquefaction

experiment (CANLEX) test site where significant geotechnical investigations had previously

been performed (Wride et al, 2000). The soil profile at this site contained a relatively uniform

layer of saturated liquefiable clean sand located between 6 and 14 m below the ground surface

suitable for the test program.

This test program had the following basic objectives:

1. To evaluate the ability of vertical drains to dissipate excess pore pressures and redrtce

liquefaction-induced settlement under full-scale conditions.

2. To distinguish improvement due to densification versus drainage.

To provide case histories that can be used to validate computer models for assessing the

influence of drainage on liquefaction potential.

To accomplish these objectives, a blast liquefaction test was first performed on an

untreated site and then the same explosive charge sequence was used on two sites treated with

earthquake drains. At one drain test area, drains were installed with a pipe mandrel in a maruter

to effect as little soil densification as possible and at the second area, drains were installed with a

vibrating mandrel designed to produce soil densification. Soil subsidence from drain installation

at each arca was measured. Cone penetration test (CPT) soundings were performed at each area

before drain installation and immediately after installation. Data collected during the blasts

included pore pressure response, settlement, and dynamic soil response. Additional CPT tests

have been performed periodically at both EQ Drain blast sites since the blasts. This report

provides details on geotechnical site characterization, EQ Drain test layout, drain installation

procedures, results of the blast testing, analysis of the test dat4 and preliminary conclusions.
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Figure I General location of the test area south of the Massey Tunnel Portal and CANLEX
liquefaction research site near Vancouver, BC, Canada.

2.0 GEOTECHNICAL SITE CHARACTERIZATION

The site is located at the south end of the George Massey Tunnel on Deas Island along the

eastem side of the right-of-way of Highway 99 as shown in Fig. l. The centers of four blast

areas (two used by Pacific Geodynamics for BC Ministry of Transportation tests and two for EQ

Drain tests) lie between two BC Hydro power-line poles located along the fence bounding the

east side of the site, as shown on Figure 2. The area is relatively flat lying and grass covered.

The site is located approximately 220 m south of a test site used in the Canadian Liquefaction

Experiment (CANLEX) as described by Wride (2000). The CANLEX site was extensively

characterized using electronic cone penetration testing, standard penetration testing; shear \¡/ave

logging and undisturbed soil sampling. The CANLEX information was used to provide a

preliminary assessment of the stratigraphy at the blast sites, which was confirmed by subsequent

cone penetration testing (Gohl, 2002).
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Figure 2 Location of blast liquefaction test areas at Vancouver, BC test site.

The soils in the upper 25 m of the site generally consist of naturally deposited alluvial sands that

are approximately 200 years old (Mónahan et al, 1995). Geotechnical investigations consisted of

cone penetration testing (CPT), shear wave velocity logging, and permeability testing. In
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addition, some geotechnical properties could be approximated from previous testing at the

adjacent CANLEX site.

2.1 CPT TESTING

Prior to drain installation at the test site, CPT soundings were performed using an

electronic piezocone at the center of each test site in general accordance with ASTM D-3441.

Results from the CPT soundings for the untreated area and the two drain test areas are shown in

Figs. 3 through 5, respectively. CPT results consisted of cone tip resistance (q.), friction ratio

(f), and pore water pressrre (u) recorded at 0.05 m depth intervals. Data for the CPT at the

untreated test site was provided by Gohl (2002). Based on correlations developed by Robertson

et al (1986) the soil behavior profile was interpreted at each site. The profile at all three sites is

generally fairly similar and consists of a surface layer of sand to silty sand to an average depth of

about 3 m, underlain by a layer of sand silt or silt from a depth of 3 to approximately 6 m. This

silt layer is in turn underlain by a relatively clean sand layer from 6 to 15 m. This lower clean

sand layer, particularly from 6 to 13 m in depth, v/as considered to be liquefiable and was the

focus of the current study. Within this layer, the average cone tip resistance was typically about

6 MPa with a friction ratio of about 0.5%. Cone soundings at the CANLEX site indicate that the

sand layer below 15 m becomes considerably denser.

The relative density, Dr, was estimated based on the CPT cone resistance using the

equation

developed by Kulhawy and Mayne (1990) where pa is atmospheric pressure and the sand is

assumed to be normally consolidated and moderately compressible. The relative density

computed using this equation is also shown as a function of depth for each site in Figs. 3 through

5. In the clean sand layer the relative density is typically between 40 and 45Yo and is relatively

uniform with depth. :

.[q" (1)
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was measured using a pressure gauge. These values were then used to compute the hydraulic

conductivity. This test provided an indication of the variation of kr' with depth.

In addition to the packer tests, drawdown tests were also performed by pumping at one

drain location and measuring the drawdown at two adjacent drains. The flow tate at the pumped

drain was measured with a flow meter and the drawdown in the adjacent drains was measured

using an electronic water level sensor. This test provides an overall average kn within the

pervious segment of the drain below the water table. A more detailed description of the test

procedures and results are provided in the Appendix.

The kn computed from the packer tests and the drawdown test are plotted as a function of

depth in Fig. 8. The results from the packer tests suggest that kn increases gradually with depth

from a low of about 8x10-3 cm/sec at a depth of 4 m to a high of about 5x10-2 cm/sec at a depth

of 11.5 m. The kn in EQD Test Area 2 (finned-mandrel, high vibration) is somewhat higher than

that in Area 1, which does not seem reasonable since the sand would likely be denser. However,

the difference is relatively small and may be attributable to natural soil variation and

measurement uncertainties. The kr, computed from the drawdown tests (8x10-3 cm/sec) is

somewhat lower than that from the packers test but certainly with the typical range of variation

expected for hydraulic conductivity measurements.

The hydraulic conductivity interpreted from a CPT sounding performed at the CANLEX

site by Conetec, Inc. (Weller, 2003, Personal Communication) is also shown in Fig. 8 for

comparison purposes. The agreement between the kn values obtained by the two methods is

relatively good. The largest discrepancy occurs within the sandy silt layer, which appears to be a

little thicker and to have a somewhat lower k based on the CPT sounding, than measured at the

drain test site. The profile interpreted from the CPT sounding also indicates the presence of a

few silt or sandy silt lenses within the clean sand layer with permeability coefficients which are

two orders of magnitude lower than that in the clean sand. These thin, low permeability layers

do not significantly affect the equivalent horizontal permeability of the layer; therefore, they do

not show up in the test results from the borehole packer tests-

Overall, the results from the packer tests, drawdown test and CPT sounding are relatively

consistent and provide relatively tight constraints on the values which should be used in the

subsequent analyses. :
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2.4 DATA FROM OTHER INVESTIGATIONS

Typical grain size distribution curve boundaries for Fraser River sands are shown in Fig.

9 based on work reported by Gohl (2002). Based on these curves the sands are poorly graded

clean to silty fine sands and classifu as SP or SP-SM materials according to the Unified Soil

Classification System.
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Figure 9 Typical grain size distribution curve boundaries for Fraser River Sand.
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During the CANLEX investigations, site specific correlations were developed between

CPT q" md (Nr)oo values. The average g/(Nr)oo ratio was determined to be 0.58 with a standard

deviation of 0.17 (Wride et al, 2000). Based on an average ec value of about 6 MPa in the clean

sand layer at the EQ-Drain test areas, the (N1)6s value might range from a minimum of 8 to a

maximum of 14 with an average of 10.3. Therefore, the sand layer would clearly be susceptible

to liquefaction based on the SPT blowcount. An (Nr)oo value greater than about 25 or 30 would

be necessary to make the sand immune to liquefaction.

Based on pressuremeter tests at the CANLEX site, the average at-rest earth pressure

coefficient (IÇ) in the clean sand layer was determined to be 0.40. In addition, the in-place void

ratio (eo) was estimated to be approximately 1.0 based on a number of in-situ tests (V/ride et al,

2000) although the scatter ranged from 0.8 to 1.2.
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As indicated previously, one objective of the EQ Drain tests was to further def,rne the relative

effect of drainage and densification on liquefaction mitigation. To this end, two test blast areas

were considered; one testing vertical drains installed with as little densification of the soil as

possible (EQD Test Area 1), and the second with drains installed by a method that also densified

the soil (EQD Test Area 2). As shown in Figs. 10 and 11, the drain layout at each site consisted

of 3 5 drains arranged in a triangular pattem with a center-to-center spacing of I .22 m.

3.1 DRAIN AND FILTER PROPERTIES

The comrgated (ADS) drain pipes used in the study had an inside diameter of 10.2 cm

and a flow area of 81.7 cm2. The comrgations on the drains were 9.5 mm deep, so the outside

diameter was 12.07 cm. Three horizontal slots, approximately 25 mm long, were cut into each

comrgation. This gave the drains an orifice area of 40.2 cmzlmof length. The drain pipes were

wrapped with a geosynthetic fabric (model SB-252) manufactured by Synthetic Industries. The

fabric was a polypropylene spunbond material with an apparent opening size (AOS) of 50

microns. The fabric was folded over and stapled at the base to prevent infiltration of sand. The

grab tensile strength based on ASTM D-4632 was 40 lbs in the machine direction and 50 lbs in

the cross machine direction. Anchor plates consisting of 150 nìm x 150 mm x 12.5 mm steel

plate were attached to the bottom of each drain that was pre-cut to length of 13.4 m. Photos of

the drain pipe, fabric and anchor plates are shown in Fig 12.

3.2 DRAIN INSTALLATION

3.2.1 Low Vibration Installation

The drains were "bottom loaded" into the mandrel by attaching a light rope to the top end

of the drain. The rope extended up into the mandrel and fed out of the mandrel over a pulley

positioned within the mærdrel wall just below the vibrator clamp. One workman on the ground

pulled the drains up into the mandrel with this rope, while another guided the drain into the

bottom of the mandrel. The drains were pulled up tight, so that the anchor plate covered the

bottom of the mandrel. The drains were installed to a design dðpth of 12.8 m using a thick-

3.0 EQ DRAIN PROPERTIES AND INSTALLATION
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(a)

Figure 12 (a)EQ Drain without filter fabric showing slots illuminated by light inside pipe and (b)

EQ Drain with filter fabric and anchor plate at the end.
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walled pipe mandrel clamped to an ICE Model 44 vibratory hammer (500 N-m energy)

suspended from a 70-ton mobile crane as shown in Fig. l3 and 14-

The drains were held in position with the anchor plate firmly against and covering the

bottom of the mandrel, while the crane positioned the mandrel over drain locations. The mandrel

was then lowered until the mandrel rested on the ground at the desired location. The vibrator

was turned on at the lowest amplitude and the mandrel was allowed to penetrate into the ground

to the desired depth of installation. After reaching the desired depth the mandrel was withdrawn,

leaving the drain in place.

A problem was initially encountered with the drain pulling out of the hole for some

distance as the mandrel was withdrawn. This appeared to be caused by the anchor plate pulling

loose from the drain. The problem was remedied by attaching the anchor plates more securely to

the drain pipes.

3 .2.2 High V ibration Installation

In Test Area 2, the goal was to densify the soil while installing the drains using more

conventional procedures. The equipment and procedures used in Test Area 2 were identical to

those used in Test Area 1 except for two differences. First, during insertion, the vibratory

hammer was operated at the highest level. Second, the installation mandrel was fitted with three

symmetrically-spaced "flns", as shown in Figure 15, to transmit vibration to the soil during

installation. A typical drain was placed to a depth of 12.8 m in approximately 3 minutes-

Normal production installation rigs utilize a "fixed-lead" system to hold and guide the

mandrel vertically during penetration. The "free hanging" system \ilas used in this case to

minimize complications with moving a production rig into Canada, and to reduce mobilization

costs. This procedure made it somewhat more difficult to control the verticality of the drain.

During installation, some diffrculties were encountered with sand infiltration in some of the

drains. Further investigation suggests that the pressure of the liquefied sand at the base of the

drain pipe was exceeding the strength of the staples or ripping the fabric and allowing sand to

flow inward. The filter fabric had been exposed to sunlight for several months prior which likely

decreased the tear strength. In two projects, subsequent to this IDEAS study, a stronger fabric or

a plastic cap has been used at the base of the drain pipe and this problem has not recccurred'
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Figure 13 Photo showing installation of EQ Drain using pipe

mandrel with vibratory hammer and minimum vibration.
Figure 14 EQ Drain with anchor plate being inserted into
pipe mandrel in preparation of installation.
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3.3 INSTALLATION-INDUCED PORE PRESSURE GENERATION

3.3.1 Pore water pressure monitoring instrumentation

At each EQ Drain test area, four piezometers were installed at a distance of 0.61

m from the center drain as shown in Figs. l0 and 11 prior to drain installation. This was

done so that installation induced pore pressures could be measured. The piezometers

were installed at depths of 6.7,9.1, 11.6, and 14.0 m below the ground surface. A

summary of the piezometer number, location, and depth is provided in Table I along with

the initial vertical effective stress.

The piezometers consisted of electrical pore pressure transducers mounted inside

a nylon cone tip with ports open to the surrounding ground water. A schematic drawing

of the transducer and cone tip housing is provided in Fig. 16. The transducers were

piezoresistive sensors specially designed to resist a transient blast pressure of up to 41.4

MPa (6000 psi) and then record the residual pore pressure to an accuracy of + 0.7 kPa (+

0.1 psi) The pore water pressure was recorded using a laptop based computer data

acquisition system at a sampling rate of 10 Hz during drain installation.

At the drain test areas a new approach was used to install the piezometers. The

cone tip was pushed the entire depth and bentonite was injected into the holes as the cone

rod was extracted to keep the hole open. Steel cables extending to the ground swface

were attached to each piezometer so that it could be extracted after testing.

Unfortunately, only about half of the piezometers could be recovered using this approach.

Photos of the CPT rig installing the piezometers are shown in Fig. 17.

Table 1 Summarv o:

Location

EOD Test Area 1

EOD Test Area 1

EOD Test Area 1

EOD Test Area I
EOD Test Area2

Depth
(m)

EOD Test Area2
EOD Test AreaZ

location and prope

EOD Test Area2

Vertical
Effective Stress,

o'o (kPa)

6.7
9.1

I 1.6

14.0

6.1
9.1

84.6

rties at E() l)

1 1.6

103.4

14.0

t23.8

Piezometer
Number

t42.8
84.6

rain test areas.

t03.4

PPT 75I

123.8

PPT 604
PPT 605

142.8

PPT 698
PPT 308
PPT 606
PPT 61 I
PPT 607
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Figure 16 Schematic drawing of pore pressure transducer and nylon cone tip housing.
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1..)À Figure 17 Photos of piezometer installation using Conetec CPT rig.



Time histories of pore water pressure measured during the installation of the

drains in the two test areas are shown in Fig. 18. For EQD Test Area 1 þipe mandrel,

low vibration) drains were installed beginning at the southwest side of the cluster and

progressing toward the northeast side. For EQD Test Area 2 (finned mandrel, high

vibration) the drains were installed begirrning from the center of the cluster. Time

constraints prevented measurement of pore pressure for all the drains.

As the mandrel moved downward and past a given piezometer, the pressure

peaked and then dropped off. The amplitude of peaks in the pore pressure typically

decreased with depth. In addition to the peaks, there was also a gradual increase in the

residual pressure as the installation process continued across the site.

To facilitate comparisons, the excess pore pressure produced by the installation

was nonnalized by the vertical effective stress at each piezometer location (see Table 1)

to compute the excess pore pressure ratio (Ru:Arl/o'o). An excess pore pressure ratio of

1.0 indicates liquefaction The vertical effective stresses \Ã/ere computed to be 84.6,

103.4, 123.8, and 142.8 kPa for depths of 6.7,9.1,11.6 and 14 m depths, respectively.

This assumes a unit weight of 19 kl'{/m3 from 0 to 2.6 m, an effective unit weight of 8.7

kl.tr/m3 from2.6 to 6 m, and an effective unit weight of 8 klrtr/m3 from 6 to 15 m. To

prevent damage to the piezometers during drain installation using the "hanging-lead"

approach adopted at the test areq no piezometer was closer than 0.6 m to the mandrel.

Fig. l9 presents a plot of the maximum excess pore pressure ratio as a function of

depth for the two drain test areas. Although liquefaction (R":1.0) may potentially be

induced immediately adjacent to the mandrel, the maximum measured R" at a distance of

0.6 m did not exceed 0.24. As expected, the maximum R" values are typically higher for

the area where the firured mandrel was used with higher vibration levels. In addition, the

mærimum Ru value decreases with depth in both cases, which suggests that it is more

diffrcult to generate pore pressure as the vertical stress in the ground increases but the

vibrational energy of the hammer remains constant.

3.3.2 Pore water pressure response
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3.4 INSTALLATION.INDUCED VIBRATION

3.4.1 Vibration monitoring

Vibration monitoring was performed using two three-component blast

seismographs. The seismographs were placed at various distances from the vibrating

probe during installation. The seismographs measured velocity time histories for each

component and peak displacement and dcceleration were determined from the velocity

time histories.

27



Peak particle velocity (PPV) was measured as a function of time while a number

of drains were installed. In general, PPV tended to decrease as the mandrel depth

increased. The predominant frequency of the maximum velocity was typically between

25 and 50 lFrz. The maximum PPV for each drain installation is plotted as a function of

distance from the mandrel in Fig. 20. Based on the field data, the PPV (mm/sec) can be

estimated using the equation

3 .4.2 Measured vibration and correlation equations

where x is the distance to the mandrel in meters. This best-f,rt equation has an 12 value of

0.96, which indicates good correlation. Vibrations are typically limited to 25 ntnlsec to

prevent cracking to adjacent structures. If this criterion is used, the data indicate that

drains should be installed no closer than about two meters from an adjacent structure.

PPV: J8.2x-r'32

1 000

()
o
U'

Ê
E

o_
fL
;
=(J
o
o

-(1)o
L
(ú
fL
)¿
(ú
o
o-

100

e Treasure lsland

o BC-Smooth Mandrel

r BC-Finned Mandrel

(2)

0.1

Figure 20 Variation of peak particle velocity
installation mandrel.

Vancouver Best Fit Line

PPV = 78.2i1'3?

R2 = 0.960

Distance from lnstallation Mandrel, X (m)

R2 = 0.827

as a function of distance from the
:

28



Similar PPV data from the Treasure Island test site are also shown in Fig. 20. The

best fit line using only the Treasure Island data is somewhat flatter than that for the

Vancouver data. This likely occurs because the vibratory hammer used in Vancouver

produced four times the energy as that used at Treasure Island. However, when the entire

data set is observed together, the data points appear to be relatively consistent and the

equation based on the Vancouver data set would not greatly overestimate the measured

PPV at Treasure Island.

3.5 INSTALLATION,INDUCED SETTLEMENT

3.5.1 Settlement monitoring instrumentation

The change in elevation around each drain cluster was determined using a survey

level before and after installation. The elevation was typically measured along eight rays

spaced at 45 degree angles from the center drains. Measurement points along these rays

were at 0.61-meter intervals for the first 3.66 meters, and then at 1.22-meter intervals to

14.6 meters for the EQD test areas. In some cases, obstructions prevented measurements

at each point along each array.

3.5.2 Results of settlement surveys

Contours of the installation induced settlement at EQD Test Areas I and 2 are

shown in Figs. 2l and22,respectively. The location of the outer edge of the drain cluster

is also shown with a dashed white line to provide perspective. The greatest settlement

generally occurred near the center of the drain cluster and the settlement contours were

typically concentric about the center. The settlement in EQD Test Area 2 was clearly

much greater than in Area 1.

Fíg. 23 provides a plot of the average installation-induced settlement vs. radial

distance from the center of the tests area for both EQ Drain test areas. Nearly 350 mm of

settlement occurred at the center of EQD Test Area 2 where the finned-mandrel was used

with high vibration to install the drains. This settlement decreased to about 50 mm at the

periphery of the drain cluster. This differential settlement is likely due to arching against

the surrounding untreated soil. In contrast, the maximum settlement was only 100 mm at

the center of EQD Test Area 1 where drains were installed with a smooth pipe mandrel

and low vibration. For the soil conditions at this test site, the finned mandrel installation

produced 250% more settlement than the pipe mandrel installation.
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Approximate Edge
of Drain Cluster

Assuming that the settlement occurred entirely within the loose sand layer from 6

to 13 m below the ground, the installation induced volumetric strain would be 1.4 and 5Yo

for EQD Test Areas 1 and 2, respectively. Sondex measurements, described

subsequently for the untreated test area, suggest that only about half of the total

settlement in the profile was coming from the clean sand layer. Based on this

assessment, the volumetric strain would be 0.7 and 2.5Yo for EQD Test Areas I and 2,

respectively. The settlement basin produced by the drain installation was not backfilled

prior to the blast to facilitate direct settlement measurements.

3.6 POST-INSTALLATION CPT TESTING

CPT tests were performed at both EQ Drain test areas within 3 to 5 days of the drain

installation. Plots of pre- and post-installation cone tip resistance for each drain test site

are presented in Fig. 24 for comparison. Despite the settlement data showing that the

---r- EQD Test Area 1-Low Vibration

--r- EQD Test Area 2-High Vibration
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drain installation clearly increased the sand density, the cone tip resistance decreased in

the sand layer for both installation techniques. The decrease was greatest (more than

50%) for the site where installation was performed with minimum vibration treatment. In

this case, the reduction in resistance produced by the installation was not counteracted by

the increase in density due to vibration that apparently occurred at EQD Test Area 2

where maximum vibration was used.

The blast testing in the untreated test area was carried out by Pacific Geodynamics, Inc.

under contract with the BC Ministry of Transportation. These tests served as a baseline

for comparison with blast tests at a site treated with gravel drains. Gohl (2002) provides

additional details of the blast testing at the gravel drain test site. By collaborating with

Pacific Geodynamic on this project, the data for the untreated test site could also be used

as the baseline for comparison'with the EQ Drain test areas. A summary of the blast

testing procedure and the results of the testing at the untreated test area are provided in

this section of the report.

4.1 BLAST DESIGN

The main criteria used in the selection of explosive charge weights were:

1. To keep the peak particle velocities at sensitive locations near the blast to less

than 50 mm/sec.

2. To ensure that the ground settlements did not adversely impact nearby BC Hydro

porwer line poles.

3. To keep peak dynamic blast pressures below the maximum tolerable level of 4l

MPa (6000 psi) at piezometer locations.

4.0 BLAST TESTING AT UNTREATED AREA

4.

5.

To provide a reasonably broad zone of liquefaction.

To limit dynamic pressures at the gravel drains to prevent damage to the central

PVC pipe.
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At the start of testing, a series of single blast hole detonations was carried out in

the untreated test area to confirm the blast design. A brief swnmary of the single blast

hole tests is provided below.

For Test Blast l, charges were loaded in blast hole A-l as shown in Fig 25

Explosive charge weights (Trade name þnoseis) of 4, 3, and 2 kg were centered at

depths of 14.5, 11.4 and 8.5 meters below the ground surface, respectively. The

explosives were placed in water-filled blast holes with gravel stemming between charges.

The charges were detonated sequentially at 0.5 second intervals. The blasting

produced excessive pressure and destroyed piezometer HP-2. In addition, SP-l was

sheared offat a depth of 8 m.

For Test Blast 2, charges were loaded in blast hole B-l as shown in Fig. 25.

Explosive charge weights (Trade name Dyno-Xtra) of 3.6, 2.7, aurrd 1.8 kg were centered

at depths of 14.1, 11.1 and 7.9 meters below the ground surface, respectively. The

explosives were once again loaded in a water-filled blast hole with gravel stemming

between charges. Based on the results of the testing, the dynamic peak pressures were

found to be too high to be safely withstood at several piezometers locations.

35



For Tests Blast 3, charges were loaded in blast hote C-l as shown in Fig. 25.

Explosive charge masses (Trade name Dyno-Xtra) of 2.7,1.8, 1.8 and 1.8 kg were

centered at 15.5, 12.3, g-l and 6.1 m below the ground surface, respectively. The

explosives were placed after dewatering the blast hole and placing gravel stemming

between charges. The dewatering process significantly reduced the transient blast

pressures at the piezometers levels without reducing the rJevelopment of excess pore

pressures. Based on this series of trial detonations, it was determined that the main

criteria were best achieved using four decks of DYNO-XTM explosives with charge

weights of 2j,1.8, 1.8, and 1.8 kg centered at depths of approximately 14,11,8, and 5

m, respectively.

Finally, Test Blast 4 was carried out following Test Blasts I through 3 in the

Untreated Test Area. The test holes were arranged in a diamond configuration (holes D-l

through D-4 on Figure 25) and each blast hole was 5 m from the center of the test area.

Electrical blasting caps \¡/ere used to initiate detonation with the timing of the f,rring of

each cap controlled using an electrical timing board. The explosives were fired in each

blast hole using a "bottom-up" detonation sequence with a delay of approximately 0.5

seconds between firing successive charges in the blast holes. The blast hole detonation

sequence was: east hole, north hole, west hole, south hole.

4.2 PORE PRESSURE RESPONSE FOR TINTREATED AREA

4.2.1 P ore Pressure Monitoring

To provide some redundancy and evaluate consistency in the measurements at the

untreated test site, two piezometers were installed at a depth of 8.2 m and two

piezometers were installed at a depth of 12.5 m. Details regarding the piezometers are

summarized in Table 2. The transducers in the piezometers were supplied by the same

manufacturer as those installed at the EQ-Drain Test Areas and were capable of

withstanding 41.4 MPa transient blast pressures while recording the residual excess pore

pressure to an accuracy of + 0.1 MPa. The same nylon cone housing was also used for

the untreated test site; however, the installation process was somewhat different.
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Rather than inserting the cone tip using a CPT rig as was done at the EQ Drain

test areas, a I25 to 150 mm diameter bore hole was drilled to a depth about 0.3 m above

the desired piezometer depth. The drill hole was then f,rlled with relatively thick

bentonite slurry. Finally, the piezometers was inserted through the sluny and pushed the

last 0.3 m into the sand with the drill rods. This is the same procedure that was employed

previously for the Treasure Island testing, but the piezometers \¡/ere placed much deeper

at the Vancouver test site. This procedure was successful in inserting the piezometers

without causing any damage to the lead wires or the transducers. In addition, wire cables

were attached to each piezometer and following the testing each piezometer was easily

pulled out of the soil so that they could be reused in the future'

ableZ Summa.rY o

Location

Untreated Area
Untreated Area
Untreated Area
Untreated Area

4.2.2 P ore pressure response

Following the detonation of the blast charges, sand boils were observed at the

center of the test area and water rose significantly in a standpipe suggesting that

liquefaction had been produced. The excess pore pressure (Âu) measured by the

piezometers was divided by the vertical effective stress (o'o) at each piezometer depth to

obtain the excess pore pressure ratio (Ru). An K of 1.0 indicates complete liquefaction.

The vertical effective stress was calculated assuming a moist unit weight of 19 klt{/m3

above the water table at 2.6 m,a buoyant or effective unit weight of 8 1ò{/m3 in the silt to

silty sand layer betw een2.6 and 6 m depth, and a buoyant unit weight of 8.7 klt{/m3 in the

loose sand between 6 and 13 m. The computed vertical effective stresses at each

piezometer location are suÍìmar ized inTable 2.

The measured excess pore pressure ratio versus time curves for each of the four

piezometers are presented in Fig. 26. A comparison of the curves at the same depths

indicates that the pore pressure response is consistent and reproducible. The R' time
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histories at the 8.2 m depth are significantly different than those at the 12.5 m depth. At

8.2 m the R" values remain relatively constant for several minutes before decreasing

whereas the R, values at 12.5 m depth begin to decrease almost immediately after the end

of the blast. This difference in response is likely due to the flow of water as the excess

pore pressures dissipate upward. Although the Ru is about the same at both depths, the

hydraulic head is greater at the lower depth than at the shallow depth; therefore upward

flow would occur. As the water flows upward, it would likely be trapped by the silt layer

above the clean sand layer and the Ro would remain higher for a longer time. This is

apparently what occurred at this test area.

Fig. 27 presents a more detailed view of the generation of the excess pore

pressure ratio with each charge detonation. After each charge is detonated, there appears

to be a transient increase and decrease in the Ru value followed by a net increase in the

residual excess pore pressure ratio. A review of the data in Fig. 27 suggests that the

residual excess pore pressure reaches a value between 0.8 and 0.9 after approximately

four blast detonations. Subsequent charge detonations appear to maintain the Ru or

increase it only slightly.
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Figure 26 Excess pore pressure ratio versus time curves for two piezometers at 8.2 m
depth and two piezometers at 12.5 m depth in the untreated test area.
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4.3 BLAST INDUCED SETTLEMENT

/ï'^N

The settlement produced by Test Blast 4 (a four-hole blast) was determined by

measuring the change in elevation with a survey level along a series of rays extending

from the center of the test area. The change in elevation was measured at approximately

45 locations within the blast area at distances of up to 20 m from the center of the blast

area. A contour drawing of the settlement produced by the blasting is shown in Fig. 28.

and the average settlement as a function of distance from the center is shown in Fig. 29.

In general, the blasting caused a bowl-shaped depression centered at the mid-point of the

area of blasting. For Test Blast 4 a maximum settlement of 500 mm occulred in the

center and settlements of more than 1 cm, considered to be the accuracy of the settlement

survey, extended up to 20 m from the center ofthe blast area.

Settlement was also measured as a function of depth using a "Sondex tube"

placed near the center of the untreated test area. A Sondex tube consists of a flexible

vacuum hose which contains. a series of magnetic rings spaced initially at approximately

1.5 m intervals down the length of the hose. Each sondex tube, containing a weight at the

A/ffi

- 
untreated Area-8.2 m

- 
ll¡t¡s¿led Area-12.5 m

568 570
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Figure 28 Contours of settlement due to blasting at Untreated Test Area.
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Figure 29 Average settlement blast induced settlement versus radial distance from the

center ofthe test area for the untreated test area.

end of the tube, was installed down a drill hole advanced to a depth of 18.7 m. The

arurulus between the mudded drill hole wall and the Sondex tube was then backfilled with

a granular material to provide contact between the tu-be and the external soil mass.

Following the blasting, the flexible Sondex tube adjusts to accommodate the settlement

of the surrounding ground. In principle, the ground settlement versus depth can then be

estimated by tracking the change in position of each ring before and after the blasting.

The settlement as a function of depth below the ground surface obtained from the

Sondex tube measurement is presented in Fig. 30 (Gohl, 2002). Based on the data in Fig.

30 the settlement in the loose sand layer from 6 to 13 m is about 54Vo of the total ground

surface settlement. Therefore, the volumetric strain in the clean sand layer due to Test

Blast 4 was about 3.8%.

14

-r-- Untreated Test Area

42



Settlement (mm)

0102030405060

E8
CLo 10o

12

/

/

14

/

/

/

/

/

,

16
I

Figure 30 Settlement as a function of depth below the ground surface at the untreated test

area (After Gohl, 2002).

5.0 BLAST TESTING AT EQ DRAIN TEST AREAS

5.1 TEST LAYOUT AND INSTRUMENTATION

Blast tests were performed at EQD Test Areas 1 and 2 approximately one week

after the drains were installed. The blast sequence used was essentially the same as that

employed previously in the tests at the untreated site. Four explosive charges were

detonated in each of four holes located at 90 degree intervals around a circle with a radius

of 5 m from the center of the drain cluster as shown previously in Fig. 10. In each hole,

charge weights of 3.0, 1.8, 1.8 and 1.8 kg were centered at depths of approximately 14,

18
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11, 8, and 5 m, respectively with gravel stemming between each charge. A profile view

of the test area showing the charge locations in relation to the drains and piezometers is

provided in Fig.31 The water in the PVC pipe \¡ias pumped prior to placing the charges

and stemming. The charges were detonated one at a time from the bottom up with delays

of 0.5 seconds between charges. Therefore, the total blast sequence took about 7.5

seconds. At both sites, large volumes of water began flowing from the drains within

about 2 to 3 seconds after the initial charge detonation suggesting that liquefaction, or at

least significant excess pore pressures, had been produced.

5.2 PORE PRESSURE RESPONSE

During each EQ Drain test blast, four piezometers pushed into the soil profile

were monitored within the test area under consideration. These measwements were

made to allow a comparison with pore pressure response in the untreated test area. These

piezometers were placed at6.7,9.1, 11.6, and 14.0 belowthe ground as shown in Fig' 31.

In addition, two piezometers were placed at depths of 6.7 and 11.6 m within two drains.

These measurements were made to evaluate the response of the water in the drain relative

to that in the soil between the drains. Finally, four piezometers were monitored at the

other EQ Drain test area and four piezometers installed by Pacific Geodynamics (Gohl,

2002) at the gravel drain test area were also monitored. (P-1 @ 8.2 m,P-2@ 12.5 m,P-3

@ 8.2 m and P-6 @ 12.5 m) These measurements were made so that the variation in

induced pore pressure response could be evaluated as a fi.lnction of distance.

Unfortunately, two of the piezometers within each EQD test area, which had been

providing reliable data during the installation process, failed prior to the completion of all

the blast testing. We suspect that the waterproof cable was damaged by the cone rods

during installation and water eventually made its way down the cable and into the strain

gauge in the transducer causing it to fail.

Shortly after the first four charges were detonated at each drain test site, water

began rapidly flowing out of the drains indicating that high pore pressures had been

produced. The measured pore pressure time histories also indicated that liquefaction was

produced in about three or four stress cycles produced by the blasting. The large blast :
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charges and the low liquefaction resistance of the sand combined to produce the rapid

liquefaction.

In some cases, the water flowing from the drains was dirty indicating that sand

was moving into the drain likely at tears in the fabric at the base of the drain as discussed

previously. Measurements after testing did not show any buildup of sand in the drains'

Ru versus time cwves for piezometers at 6.7 and 11.6 m depths in EQ Drain Test

Area2 (high vibration) are compared with curves from piezometers at similar depths in

the untreated test area in Fig.32. In addition, Ru versus time curves are provided for the

transducers positioned inside the drains themselves. Although the EQ Drains were

insufficient to prevent initial liquefaction, the rate of dissipation at both depths was

significantly greater in the drain test area than in the untreated area. This clearly

indicates that the drains were performing their function. The R" values in the drains

themselves also rose following blasting due to water flowing out of the drains and

ponding in the settlement basin above the ground surface. The R' values in the drains

remained constant after water reached the top of the settlement basin and began flowing

out.

Once the R" in the ground dropped below the Ru in the drain, the drains no longer

provided any benefit and the dissipation rate became essentially equal to that of the

untreated soil. At this point, water in the drain began flowing out into the unsaturated

soil above the static water table. Fortunately, at this time the drains had already reduced

the Ru values to relatively safe levels (between 0.2 and 0.4). Eventually, the ponded

surface water flowed back down the drains and the static water level was re-established.

Ru time histories measured by the four piezometers located in the gravel test area

during the test blast in EQD Test Area 2 are shown in Fig. 33 (b). On average, these

piezometers rvere located 8.9 m from the nearest blast hole. Peak R" values were

between 0.45 and 0.60. Ru time histories for the four piezometers located in EQD Test

Area 1 due to the test blast in EQD Test Area2 are shown in Fig. 33. On average, these

piezometers were located 23.9 mfrom the nearest blast hole. Peak K values for three of

the piezometers were approximately 0.1, but one piezometers recorded a peak residual K
value of 0.34. TheSe data are used subsequently to develop Ru versus scaled distance

plots.
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Figure 32 Excess pore pressure ratio time histories for piezometers in the soil and inside a
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Ru versus time curves for piezometers at9.l and 12.5 m depths in EQ Drain Test

Area I (low vibration) are compared with curves from piezometers at similar depths in

the untreated test area in Fig. 34. Although transducers were positioned inside the drains

themselves at the same elevations as those in the soil, the force of the water erupting from

the drains was suffrcient to push the transducers up and out of the drains. Once again, the

EQ Drains were insufficient to prevent large increases in Ru; however, the peak values

were reduced somewhat. In addition, the rate of dissipation at both depths was

significantly greater in the drain test area than in the untreated area. Because this test

area was not significantly densified during drain installation, these findings suggest that

the improvement in dissipation rate is associated with drainage rather than reductions in

soil compressibility produced by densification. This indicates that the drainage alone can

provide significant benefits in terms of excess pore pressure reduction.

The rate of dissipation slowed considerably after Ru dropped to between 0.4 and

0-2 atthe two depths. Based on the measurements at EQD Test Area 2, this is likely the

point at which the head in the soil dropped below that in the drain so that dissipation was

controlled by the dissipation rate of the soil alone.

Ru time histories recorded by the two functioning piezometers located in EQD

Test Area 2 due to the test blast in EQD Test Area I are shown in Fig. 35(a). On

average, these piezometers were located 23.9 m from the nearest blast hole. Peak Ru

values were between 0.11 and 0.18. Ru time histories measured by the four piezometers

located in the gravel test area during the test blast in EQD Test Area I are shown in Fig.

35 (b). On average, these piezometers were located 37 m from the nearest blast hole.

Peak Ru values were relatively small ranging from 0.05 to 0.09. These data are used

subsequently to develop Ru versus scaled distance plots.

The peak residual Ru values produced by the explosive charges detonated during

this testing program are plotted against the scaled distance in Fig. 36. In this case, the

scaled distance is the horizontal distance from the blast hole in meters divided by the

cube root of charge weight in kilograms. An average charge weight of 2 kg was used for

the Vancouver tests. A linear relationship between Ru and scaled distance proposed by

Studer and Kok (1980) is also presented in Fig. 36 along with data from previous blast-

induced liquefaction studies at Treasure Island in San Francisco Bay and Charleston,
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South Carolina. The measured Ru values from the Vancouver tests typically lie

significantly above the line proposed by Studer and Kok (1980). Based on previous

experience, this is likely due to the fact that multiple blasts were detonated at each hole

producing multþle stress cycles. The cumulative effect was to increase the R, above

what would occur for a single charge detonation with the same mass. Previous studies at

Treasure Island showed excellent agreement with the Studer and Kok (1980) relationship

when single charges were used, but the equation underestimated Ru values when multiple

blasts were used. Based on the available data from the Vancouver study, a line roughly

parallel to that proposed by Studer and Kok has been developed as shown in Fig. 36. The

relationship suggests liquefaction extended 5.5 m beyond the blast holes during the tests.

This relationship also yields reasonable estimates of \ produced at other test sites
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5.3 BLAST INDUCED VIBRATION

Ground velocity time histories were recorded by a number of three-component

blast seismographs placed at various distances from the explosive charge during each

blast. The highest particle velocity in any of the three component directions was then

selected as the peak particle velocity (PPV) at that location. The PPV is typically plotted

as a function of the scaled distance. The scaled distance in this case is the horizontal

distance to the blast hole divided by the square root of the charge mass. This approach is

used to normalize for the effect of charge mass so that log-log linear plots can be

obtained. The average charge mass of 2 kg was used in normalizing the PPV data.

Fig. 37 presents the peak particle velocity as a function of distance for both EQ

Drain test sites along with similar data from the Treasure Island blast testing (Rollins et

al, 2000). The data points from Treasure Island are generally consistent with those from
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Figure 37 Measured peak particle velocity (PPV) as a fi¡nction of scaled distance from
blast charge for both EQ Drain test areas in Vancouver, BC along with data from testing
at Treasure Island.
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the Vancouver testing. The data points generally fall below the upper bound defined by

data from Narin van Court and Mitchell (1995). Based on the Vancouver data only, the

best fit equation for PPV in units of m/sec is

where D is the scaled distance in units of m/(kg0 s).

5.4 BLAST INDUCED SETTLEMENT

Before and after each blast, an elevation survey was performed on the points

along the rays extending from the center of the drain cluster to evaluate the liquefaction-

induced settlement. Post-blast surveys were conducted within about an hour after the

blast and then again 18 to 24 hours after the blast. The surveys consistently indicated that

essentially all of the settlement occurred within I hour after the blast; therefore, the

settlement data presented will only involve these data. Contour plots of the settlement

around both EQ drain tests areas are presented in Figs. 38 and 39 along with the

boundary of the EQ Drains and blast holes locations. Once again, the settlement was

greatest at the center of the test area and the settlement contours generally appeared to be

concentric about the center ofthe test area.

Figure 40 presents a plot of the average settlement versus distance from the center

of the test area resulting from blasting in EQD Test Area 1 and 2 in comparison with the

settlement at the untreated site as measured by Pacific Geodynamics (Blair, 2002).

Despite the fact that liquefaction occurred at all three sites, the installation of the drains

clearly decreased the measured settlement. For example, at EQD Test Area 2, where

high vibration was used during installation, the maximum settlement was 0.2 m less or

only 60% of that in the untreated area. Previously, the drain installation in this area had

produced more than 0.3 m of settlement. The maximum settlement for Test Atea 2

(Finned Mandrel, high vibration) was 0.1 m less or 25Yo lower than that in EQD Test

Area 1 (Pipe mandrel, low vibration). The difference in installation induced settlements

at the two tests areas was over 0.2 m.

The general shape of the settlement versus distance curves is also quite different

for the area treated with drains relative to the untreated site. For the EQD sites, the

PPV: 1.08 D-r'oi (3)
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drains installed using finned mandrel and high vibration. Blast hole locations, EQ Drain
boundaries, and settlement stake locations are also shown
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Figure 40 Blast induced settlement for EQD Test Areas 1 and 2 relative to untreated Test

Area (Pacific Geodynamics, 2002).

settlement remains nearly constant with distance in the area treated with drains and then

decreases with distance beyond this zone. In contrast, in the untreated test area the

settlement consistently decreases with distance from the center.

If about half of the observed settlement is in the 7 m-thick clean sand zone from 6

to 13 m in depth, as \ilas the case for the untreated case, then the volumetric strain in

EQD Test Atea2 would be 2.lYo while the volumetric strain in EQD Test Area 1 would

be 2.9%. For comparison, volumetric strain in the untreated area was approximately

3.8%. This reduction in settlement occurred despite high R' values.

Although the survey data provide the maximum settlement produced by the blast,

they do not indicate the rate at which this settlement occurs. To obtain data on the rate of

settlement, five string potentiometers were attached to a steel cable that was tensioned

across the site between a fence pole and a front-end loader. The potentiometers were

Approximate edge
of Drain Cluster

+-EQD Test Area 2-High Vibration

-+EQD Test Area 1-Low Vibration

+ Untreated Test Area

14
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shown in Figs. 10 and 11. Plots of the cone tip resistance as a function of depth are

presented for each ofthe soundings at each test area in Figure 44. A review ofthe data

indicates that there is no consistent increase in resistance with time at either of the sites.

The differences appear to be due to natural variation in cone resistance following the

blasts. Nevertheless, some trends between pre- and post-blast penetration resistance are

apparent in the data. For example, Fig. 45 presents the average cone tip resistance

profiles for each site following blasting along with profiles prior to drain installation and

immediately after drain installation. At both test areas the post-blast penetration

resistance in the clean sand is generally higher than the pre-installation resistance and

considerably higher than the resistance immediately following installation. A

comparison of the average post-blast CPT profiles at both test areas indicates that the

resistance in the clean sand layer is considerably higher for EQD Test Area 2 where the

finned mandrel was used with high vibration than for Test Area 1 where a pipe mandrel

with low vibration was used. Since both test areas were subjected to the same blast

induced stresses, the increased cone tip resistance must be attributed to the densification

provided by the installation of the drains.

profiles of the friction ratio versus depth for each EQD test area are presented in

Fig.46. Curves are provided for one sounding conducted prior to drain installation, one

conducted a few days after drain installation and for the average offour soundings over a

56 day period after blasting. In contrast to the cone tip resistance, the friction ratio does

not appear to be greatly affected by the drain installation or the blasting. At both sites the

friction ratio drops stightly after drain installation and then increases slightly following

blasting. The changes seem to be somewhat greater for EQD Test Area I but the changes

are still quite small

Based on the average post-blast CPT profile at each site, the relative density has

been computed using equation 1. The post-blast relative density profile for each test area

is presented in comparison with the profile at the untreated test area in Fig. 47. Because

of the densification provided by the drain installation and the blasting, the relative density

was increased from about 40Vo prior to treatment to about 50Yo in EQD Test Area I

whúe low vibration was used and to about 60Yo in EQD Tests Area 2 where high

vibration was used. Since both sites were subjected to the same blast densification, the
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Figure 47 Comparison of relative density versus depth for EQ Drain Test Areas I (Low
Vibration), and Test Area2 (high vibration) and in untreated area.

additional 10 percentage point change in relative density at EQD Test Area 2 can be

attributed to drain installation effects
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Because the blast testing approach produces liquefaction much more rapidly than an

earthquake, there is less time for pore pressure dissipation and the effectiveness of drains

in an earthquake may be obscured. For example, the blast sequence at the Vancouver test

site took only 2 or 3 seconds to produce liquefaction while destructive earthquakes might

take 10 to 60 seconds to produce liquefaction. The longer time for pore pressure buildup

allows the earthquake drains to operate more effectively in limiting pore pressure

generation. That is, pore pressure dissipation through the drains, more easily keeps up

with, or exceeds, pore pressure buildup from ground shaking

To provide increased understanding of the behavior of the drains in an

earthquake, analyses were performed using the computer program FEQDrain (Pestana et

al, 1997). 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. The computer program

calculates the excess pore pressue ratio in each soil layer within the radius of influence.

This is done by accounting for the generation of pore pressure produced by the

earthquake and the dissipation of pore pressure provided by flow to the drains.

The program is capable of accounting for head loss in the drairt and storage in the

drain as water levels change during pore pressure build-up. FEQDrain can also account

for non-linear increases in the modulus of compressibility of the soil as the excess pore

pressure ratio increases. In addition to computing pore pressure response, the program

can compute the settlement due to the dissipation of excess pore pressures.

During this study, the computer model was first calibrated using the measured

settlement and pore pressure response from the blast test. Then, the calibrated soil

properties were held constant while the duration of shaking \ryas increased to match

typical earthquake durations.

6.0 ANALYS$

6.1 CALIBRATION OF COMPUTER MODEL

6.1.1 Selection of Soil Input Parameters

The basic soil profile and layer thickness values used in the analysis of each EQ

Drain tests area was based on the CPT profrles previously shown in Figs. 4 and 5. The
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f,rve most important soil properties in matching the pore pressure history and settlement

are the horizontal hydraulic conductivity (kr,), vertical hydraulic conductivity (k"),

modulus of compressibility (Mu), relative density (Dr), and the number of cycles required

to cause liquefaction (Nr).

Hydr aul i c C onduc tivity

The horizontal hydraulic conductivity is perhaps the most important factor

governing the rate of dissipation. As k¡ increases, the rate of dissipation increases. In

general, the vertical hydraulic conductivity does not greatly influence the response since

most of the drainage is radial or horizontal. For example, Seed and Booker (1977) used

ku: 0 in original computations for their design charts. In relatively uniform sands, k'has

little effect as shown by Pestana et al (1997); however, in layered soil strata, K can

sometimes be important. Typical ranges of kn as a function of soil type are provided by

Pestana et al (1997) based on recornmendations from Terzaghi and Peck (1948) in Table

3. A review of the data in the Table 3 indicates that significant variation can occur within

a given soil type due to minor variations in fines content and density. Other investigators

have indicated that the variation in k¡ within a given soil type could be as much as two

orders of magnitude (Freeze and Cherry,1979)

Table 3 Typical values for horizontal hydraulic conductivity (kh) from Pesta na et al, 1997

(after Terzaghi and Peck, 1948).

Verv Fine Sand
Soil Tvpe

Fine Sand
Medium Sand
Coarse Sand
Small Pebbles

Particle Size
(mm)

Due to layering effects and soil structure orientation under stress, the horizontal

hydraulic conductivity is typically higher than the vertical hydraulic conductivity.

Typical ratios of the horizontal to vertical hydraulic conductivity for various soil

conditions are given in Table 4.

0.05-0.10
0.10-0.25
0.25-0.50

Goefficient of hydraulic
conductiviW (cm/sec)

0.50-1.00
1.00-5.00

0.001-0.005
0.005-0.01

0.01-0.1
0.1-1.0
1.0-5.0
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Table 4 Relationship between k¡ and ku from Pestana etal (1997).

Description
Uniform (clean sands)
Moderatelv anisotropic (silt seams)

Hiqhlv anisotropic

The horizontal hydraulic conductivity used in this study was initially selected based on

the measured in-situ by the packer tests as shown previously in Figure 8. The ratio of

kr,/ku was generally assumed to be between} and 3. In an iterative process, adjustments

were made to the k values used in FEQ Drain to improve the match between the

computed and measured pore pressure response in the various soil layers. The final

profiles of kn versus depth for the two EQ Drain Test Areas are shown in Fig. 48.

Although the k values did increase somewhat from the initial values, the final values are

still well within the ranges measured by the various in-situ test methods described

previously. The back-calculated k1, values for EQ Drain Test Area 1 (low vibration) are

higher than those for Area 2 (high vibration) as would be expected due to the densþ

difference, but the difference decreases with depth.

Mo dulus of C omPr e s s ib ilitY

The modulus of compressibility (M") is a measure of the vertical strain produced

by a change in vertical stress. This parameter is roughly equivalent to the inverse of the

elastic or Young's modulus. Although Mu is often measured for clays while pore

pressgres dissipate, very few studies have made measurements of Mu for sands during

pore pressure dissipation. Based on studies by Lee and Albeisa (1974), Mu for sand

typically lies within a fairly naffow band ranging from 2.05 x l0-7 to 4.10 x 104 m2llclttr

and is not sensitive to relative density. However, as the excess pore pressure ratio (Ru)

increases beyond about 0.60, the Mu can increase significantly as shown in Fig. 49(a). In

these cases, Mu is dependent on both the relative density and the excess pore pressure

ratio. Seed et al Q97$ developed a relationship to account for the variation in Mu with

D, and pu as shown in Fig. 49 (b). This relationship is used in the computer model

FEQDrain.

khrk"

1.5-2.0
4.0-5.0
1 0-1 00
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Horizontal Permeability Coefficient, k6 (cm/sec)
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Figure 48 Comparison of measured horizontal hydraulic conductivity (kù versus depth

with back-calculated values from FEQDrain for EQ Drain Test Areas I and2.
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Figure 49 Variation in normalized coefficient of compressibility (Mu/Mu¡ versus) peak
pore pressure ratio (R ) for sands of various relative densities (D) from (a) laboratory
tests, and (b) as modeled in FEQDrain (Seed et al,1976).

The computed settlement is directly proportional to Mu; therefore, a simple check

of the measured settlement against the computed settlement is usually enough to find the

coffect Mv. Once again, relatively small changes were sufflcient to provide good

agreement and the modifred Mu values wsre at the high end of the acceptable range of

values, which appears reasonable for the loose sand involved. Unfortunately, changing

Mn also changed the time required for the pore pressures to dissipate. Therefore, if Mu

was decreased to improve the match with settlement, k¡ would have to be increased to

maintain the match with the rate of dissipation,

Relative Density

The estimates of relative density were made based on the initial values provided

by the CPT soundings. This parameter was not modified greatly during the investigation.

Number of Cycles to Cause Liquefaction

Another important characteristic of the soil is the number of cycles required to

cause liquefaction (Nl). The Nr for the blast simulation was obtained by determining the

7T

(a) Peor Pore Pressure Rolio
o.2 0.4 0.6 o.2 04 06 0a

(b) Peor Pore Pressu¡e Rolio



time at which liquefaction occurred using the pore pressure ratio versus time plot

measured at the site as shown in Fig. 27. The soil was essentially liquefied just after the

fourth detonation, suggesting that Nr for the liquefiable layers was four in this case.

Summary of Input Parameters

A summary of the initial estimates of the various soil input parameters used in the

analysis is presented in Table 5.

Table 5 Initial es

Layer Number
I
2

timates of soil prol

J

4

kr, (cm/sec)

5

1.83x10-'

6

1.52x10*

7

2.l3xl0-'

The final soil properties for each EQ Drain Test Area obtained by trial and error

with FEQDrain are shown in Fig. 50. A comparison of the back-calculated parameters

for the two test areas indicates that somewhat lower k and mn values were obtained for

the EQ Drain Test Area 2 where higher vibration was used relative to Area 1. This is an

independent confirmation of the effectiveness of vibratory installatiorr of the drains in

improving soil properties.

6.2.1 Drain input properties

The radius of the drain was 6 cm which corresponded to a drain area of 114.3

cm'. Th" radius of the area of influence was 0.64 m which represents a drain spacing of

1.22 m- The area of openings per unit length in the perforated pipe was 0.004 m2lm and

the constant associated with head loss through the perforations was taken as 1.0. The

equation for head loss due to vertical resistance in the drain (H¿ru¡n) was given by

rerties used in FEO Drain analysis.

3.05x10-'
3.96x10-'

k" (cm/sec)

3.96x10-'
3.96x10''

5.49x10-'
4.56x10
6.10x10-'
9.l4xl0-'
1.22x10

M" (m'lklll)

l.22xl0'
l.22xl0'"

2.lxl0-'
4.2x10''
4.2x10-'
4.2x10''
4.2x10-'
4.2x10-'
4.2x10'"

D.
0.t

Hdrain :0.5 (Q'z)2.

where Q is flow rate and z is depth.

0.6
0.4
0.4
0.4
0.4
0.4

(4)
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Figure 50 Summary of calibrated soil layers and final soil properties used in FEQDrain.
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To simulate the blast testing as an earthquake in FEQDrain, we had to determine

the equivalent number of cycles (No) due to the "earthquake" loading that occurred as a

result of the detonations and the duration of the "earthquake" event. This was

accomplished by counting pulse peaks recorded by the blast accelerometers and

piezometers. Sixteen detonations with a delay of 0.5 seconds between each detonation

produced sixteen relatively distinct peaks. These were taken to be the cycles for the blast

simulation in FEQDrain. The duration (t¿) of the explosions was pulled from the same

plot of pore pressure generation. The event lasted approximately 8 seconds and this

value was used for t¿.

Normally, the hydraulic head boundary at the top of the drain is set equal to the

ground elevation because water can flow away from the drain above this level. However,

in this case, the installation of the drains created a settlement basin around the drains.

Therefore, the head boundary was set equal to the elevation above the ground surface at

which water could flow out of the basin. The volume of water necessary to raise the

water level above the ground surface was specified as a "reservoir". The reservoir

volume was set equal to the equivalent diameter (d.) of the tributary area around the drain

multiplied by the height above the ground surface at which water flows out of the basin.

For a triangular drain spacing, d. is equal to 1.05 times the drain spacing.

6.1.4 Comparison of Measured and Computed Pore Pressure and Settlement

A comparison of the measured and computed excess pore pressure ratio time

histories at depths of 9.1 and 11.6 m in EQ Drain Test Area I are presented in Figs. 51

and 52, respectively. Similar comparisons are provided in Figs. 53 and 54 for depths of

6.7 and 11.6 m, respectively, in EQ Drain Test Area 2. In general, the agreement

between measured and computed pore pressure response is very good for both depths at

EQD Test Area2. The computed response does not account for the peaks and troughs in

the time history produced by each blast detonation, but the average or residual pore

pressure is reasonably well captured. In addition, there is good agreement with the

measured dissipation rate out to a time of 100 seconds or more.

For EQD Test Area l, the agreement is reasonably good for the dissiþation

portion of the curve but there are some discrepancies as pore pressure are being

6.1.3 Other Required Input Parameters

74



1

0.9
0.8
o.7
0.6

E 0.5
o.4
0.3
o.2
0.1

0

Figure 5l Comparison of measured R. time history at EQD Test Area 1 (low vibration)
with history computed by FEQDrain at9.14 m depth.
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Figure 52 Comparison of measured R" time history at EQD Test Area I (low vibration)
with history computed by FEQ Drain at lI.6 m depth.
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Figure 53 Comparison of measured Ru time history at EQ Drain Test Area 2 (high
vibration) with history computed using FEQDrain at6.7l m depth.
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Figure 54 Comparison of measured Ru time history at EQ Drain Test Area 2 (high
vibration) with history computed using FEQDrain at Il.6 m depth.
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generated. The computed time histories show a parabolic curve reaching an K of 1.0 and

then decreasing. In contrast, the measured response shows troughs in the Ru time history

just as the peak in R*, would be expected. The measured response at 9.1m appears to be

less affected by this phenomenon and the agreement with the computed response overall

is relatively good. However, the measured response at 11.6 m is more affected and the

agreement in this time interval is poor. Since liquefaction clearly occurred at this test

site, based on the flow coming from the drains, there is a strong likelihood that the

measured response at 1 1.6 m does not represent the general behavior in this layer and that

an Ru of 1.0 actually did occur as predicted by the computer model.

Comparisons of the measured settlement time histories with those computed using

FEQDrain for EQ Drain Tests Areas I and 2 are provided in Figs. 55 and 56,

respectively. The general shape of the computed settlement versus time curves is very

similar to the measured shape, although somewhat smoother. In addition, the computed

maximum settlement is close to the measured maximum settlement.

It was not possible to accurately model the pore pressure and settlement response

at the untreated site using FEQ Drain because the program assumes an infinite area of

liquefaction. If no drains are present, this prevents the horizontal hydraulic conductivity

from having any effect on the rate of dissipation of pore water pressure in the computer

model.' In this case the dissipation is controlled almost exclusively by the vertical

hydraulic conductivity. However, the blast testing only liquefies a circular area

approximately 1l m in radius, which allows some of the water to dissipate horizontally

into the surrounding soil. As a result, FEQ Drain consistently overestimates the time for

pore pressure dissipation relative to the measured behavior when the calibrated kn, ku and

Mu values are employed. In addition, FEQDrain cannot account for the presence of sand

boils which would have the effect of partially draining the liquefied sand layer. Good

agreement could potentially be obtained using fictitious values for ku, but this exercise

would not serve any useful purpose.

77



0

50

100

150

200

250

300

350

400

tr
E

o
Eo
o

CI'

Time (sec)

100 150 200
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The excess pore pressure ratio (R") as a function of depth has been computed at a

number of times for each EQD test area and the results are presented in Fig. 57. After 5

seconds, the entire zone from a depth of 3.5 to 12m is liquefied and has an Ru ratio of

1.0. As time increases, the Ru values generally drop rapidly in the deeper sand layer, but

remain relatively high near the top of the sand layer (around 3 m). This is likely due to

upward flow of water in the sand which is restricted by the lower permeability silt layer

located betrveen 3 and 3.5 m, The R, values in the zone from 0 to 3 m actually increase

with time as the water eventually flows vertically through the silt layer and horizontally

from the drains into the overlying partly saturated soil zones above the water table.

la)\ / Excess Pore Pressure Ratio, Ru

0 0.5 1 1.5

(b) 
Excess Pore Pressure ratio, Ru

0 0.5 1 1.5

Figwe 57 Pore pressure versus depth curves computed by FEQ Drain at various times for

the test blasts at (a) EQD Test Area 1 (Low vibration) and (b) EQD Test Area 2 (High

vibration).
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6.2 EQ DRAIN PERF'ORMANCE IN SIMULATED EARTHQUAKE EVENTS

Once a reasonable match was obtained with the pore pressure and settlement

response for the blast events using FEQDrain, earthquakes having less intense stress

levels and slower load applications (longer durations) were simulated to measure the

effrcacy of the EQ Drains in preventing liquefaction.

6.2.1 Earthquake Input Parameters

Duration of Strong Motion

The duration of the strong ground motions (t¿) for various earthquake magnitudes

used in the FEQDrain analyses were based on studies conducted by Seed et al (1975) and

are summarized in Table 6. The duration is usually the time during which motions

greater than a given minimum acceleration level (such as 0.05 g) are occurring. Although

a M5.5 earthquake might have a duration similar to that produced by the test blasts, the

duration of higher magnitude earthquake events are com.monly two to eight times longer

as shown in Table 6.

Table 6 Duration of
Masnitude

s.5-6.0
6.s
7.0

NlNt Røtio

7.5

One measure of the severity of the motions imposed by an earthquake or blast

event is the ratio of the number of equivalent stress cycles produced by the earthquake

(Nq) to the number of cycles necessary to produce liquefaction (N¡). The more

susceptible a site is to liquefaction, the higher the ratio will be. For a very loose sand or

very strong ground motions, the ratio may be on the order of four or more, whereas for a

denser sand or a weaker ground motion the ratio may be closer to one. For No/Ì.tr¡ ratios

less than one, liquefaction would not be expected.

The NqAtr¡ ratio is perhaps the most important factor controlling the ability of EQ

Drains to mitigate liquefaction problems. For example, at low ratios, 75 to 100 mm

diameter drains might be placed at spacings of I to I.2 m to prevent liquefaction. At sites

I

Duration. t" lsec)
motrons

I
l4

from Seed et at,1975).

20
40
60
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with higher ratios, larger diameter drains and/or more closely spaced drains might be

required in order to dissipate the water pressure quickly enough to prevent liquefaction.

For very high ratios, the site may be too loose and liquefaction prone to treat with

drainage techniques. In these cases, additional densification may be necessary to reduce

the potential for liquefaction. In some cases the cost of densifying a very loose sand or a

silty sand sufficiently to prevent liquefaction may be excessively high. In these cases,

some cost savings might accrue by densifying with a moderate effort and then installing

drains to prevent liquefaction.

Based on statistical studies conducted by Seed et aL (1975), the No value can be

correlated with the earthquake magnitude as summarized in TableT.

Table 7 Equivalent number of cycles Q.{o) produced by various magnitude earthquakes

based on statistical studies
Masnitude

5.25

6

6.75

6.2.2 Calculated Response with EQ Drains Subjected to Earthquakes

7.5

In evaluating the response of the drains for various earthquake events, the

duration and equivalent number of cycles for a given earthquake magnitude were

selected. Computer runs \ilere then made for various NoA.{, ratios using FEQDrain.

Although the NqA{¡ is sufficient for use in the program, most liquefaction

analyses typically use earthquake magnitude and peak ground acceleration (a**) to

quantiff the severity of the ground motions. For a given NoÀft ratio, the ar* can be

calculated using the following approach. First, for a given NoAtrr ratio and earthquake

magnitude, N¡ can be determined. For example, in the case of a M7.5 earthquake with an

NqA{, ratio of 2, No would be 15 and N¡ would be7.5. Based on an average (Nr)oo of l0

in the clean sand layer at the test site, the cyclic resistance ratio (CRR) or liquefaction

resistance for a M7.5 earthquake would be 0.105 using correlations recontmended by

Youd et al (2001). The CRR for 7.5 cycles would be significantly higher and can be

computed using the Magnitude Scale Factor approach recommended by Youd et al

8l

8.5

Seed et al (197

No
2

5

10

15

26



(2001). The recommended magnitude scaling factors have been plotted as a function of

number of cycles in Fig. 58 based on the data in Table 7. Using Fig. 58, the MSF for 7.5

cycles would be about 1.55 and would increase the CRR to 0.163. If liquefaction

occurred in 1.5 cycles, the CRR would be equal to the cyclic stress ratio (CSR) which is

given by the equation

CSR : (tuulo'o) : 0.65(a.*/g)(ouo/o'"o)r6

where €tmax : peak horizontal acceleration at the ground surface generated by the

earthquake; g: acceleration of gravityl ovo and o'uo are total and effective vertical

overburden stresses, respectivelyl and rd : stress reduction coefficient. Rearranging

equation 5, â** can be computed using the equation

âmax : CSR(o'uJo'""Xg/0.65)/r¿

Assuming liquefaction (CSR=O.163) at the top of the clean sand layer (6 m depth), u'ith

r¿:0.95, and <r'no/ouo: 0.70 the computed a,n* would be 0.19g.

5.0

E o.u

=- ¿.0
L
O^F
Ë r.c
,E 3.0

.3 zs
E 2.0
U'
a¡ 1.5
=,.E 1.0

P 0.5

= o.o

(s)

Figwe 58 Magnitude scaling factor to account for variation in liquefaction resistance
(CRR).relative to a}l{7.5 earthquake producing 15 stress cycles.
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Using this procedure the an'* value has been computed for each M and NoÀ{t

combination for which an FEQDrain analysis was performed.

With the soil properties back-calculated with the blast test data, FEQDrain was

used to compute maximum Ru and settlement for a variety of potential earthquakes at the

site and for a variety of drain configurations. Table 8 provides information on the

magnitude, duration, NoÀtrr and, a'n* values for each event along with the computed

maximum pore pressure ratio and settlement for each event with drains spacing as

indicated. The results summarized in Table 8 indicate that the EQ Drains can be effective

in preventing liquefaction and the resulting settlement for significant earthquake events if
drain diameter and drain spacing are appropriate selected. However, for large magnitude

events with high NqA{r ratios, drains may be insuffrcient to prevent liquefaction from

developing. As is the case with all mitigation measures, appropriate analysis and

engineering expertise must be used in considering the use of EQ Drains

Table 8 Comparison of 10 cm drain perfonnance for various earthquake events and drain
,(tWLL.

Magnitude

Blast
6.0

Duration

6.75
6.75

(sec

7.5

)
8

NoA{r.

FEQDrain can providè significant insight in selecting appropriate drain features

for a given soil profile and set of earthquake motions. For example, the effect of drain

spacing on pore pressure and settlement can easily be analyzed. Figs. 59 and 60 show the

variation in the computed R, and settlement time histories, respectively, for various drain

spacings due to aM6.75 earthquake event at the Vancouver test site. The results in Fig.

59 indicate that R u decreases as the drain spacing decreases for a given magnitude

earthquake and soil profile. The curves in Fig. 60 also indicate that settlement can be

significantly reduced if drain spacing is small enough.

8

t7
T7

4.0

35

âmax

(e)

2.0
2.0

Drain
Spacing

3.0

40
0.27

2.0

0.2r

(

0.25

mI
t.22

0.19

Maximum.
R,,

0.91
0.9r
0.91

0.91

1.0

0.40

Settlement

0.47
0.61

(fitm

0.65

310
)

31

35
48
53
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Figure 59 Maximum pore pressure versus time for various drain spacings computed by
FEQ Drain for an M6.75 earthquake atthe Vancouver test site.
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Figure 60 Settlement versus time curves for various drain spacings computed by FEQ
Drain for aM6.75 earthquake at the Vancouver test site.
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However, it appears that FEQ Drain may be limited in its ability to predict

settlement for drain spacing less than 1.22 meters. Figure 60 shows a slight increase in

settlement for drain spacing less than 1.22m where intuition would say the settlement

would decrease in a man¡rer similar to that shown by the pore pressure. It is assumed that

there is a computational error in the finite element program that occurs as the spacing

becomes small.

7.0 ECONOMIC & CONSTRUCTION CONSIDERATIONS

7.1 COST CONSIDERATIONS

At present, a variety of methods are used to densiff loose sand which may be

susceptible to liquefaction; however, stone column treatment is perhaps the most

coÍrmon method and will serve as a benchmark for cost comparisons in this section.

Stone column treatment typically involves the use of a vibratory mandrel to form a

column with a diameter of 0.6 to 1 m in diameter composed of stone particles (=20 mm

diameter). Columns are typically installed in a triangular pattern in plan view with a

center-to-center spacing ranging from 1.8 to 3 m. The cost of stone columns, including

stone and installation cost, typically ranges from $82 to $ 1 15 per linear meter. Of course,

these price estimates will vary depending on depth, spacing and quantity of columns.

The cost of EQ drains is roughly $6 to $12 per linear meter including the cost of

the drains, the filter fabric and installation (Nilex, 2004; personal communication). Past

experience with FEQDrain suggests that EQ drains must be spaced at about half the

spacing of stone columns to provide an equivalent level of liquefaction protection. Based

on this assumption, the cost per cubic meter would range from $10.2 to 14.3 for stone

columns with a 3 m center-to-center spacing, while the cost per cubic meter for EQ drains

would range from about $3 to $6 for a 1.5 m center-to-center spacing. Similarly, the cost

per cubic meter would range from $15.9 to $22.3 for stone columns with a 2.44 m center-

to-center spacing, while the cost per cubic meter for EQ drains would range from about

$4.7 to $9.4 for a1.22 m center-to-center spacing. Based on these comparisons, the EQ

drains would be 30 to 40o/o of the cost of stone columns. Of course, these comparisons

are based on price estimates *d urrú-ptions about required spacing which would
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nomally need to be validated with analyses. Nevertheless, they do suggest that

significant cost savings could be achieved with earthquake drains.

The results of this testing program suggest that blasting in connection with drain

installation could also provide a means of densiffing loose sand to prevent liquefaction.

Explosive compaction techniques have been employed at several sites in the past;

however, general fears regarding explosives and concerns about vibration have often

limited the use of this technique at many sites. Explosive compaction projects have

generally employed larger charges and larger grid spacing than those in this study as well

as multiple blasting passes. The cost for explosive compaction treatment on several

recent Canadian projects has typically been about $3 to $3.5 per cubic meter of treated

soil.

7.2 CONSTRUCTION TIME AND OTHER CONSIDERATIONS

Another important benefit provided by EQ drains is the reduction in time

necessary for treatment. Assuming a liquefaction susceptible zone from 5 to 12 m thick,

an EQ drain could be installed within I to 3 minutes per drain depending on depth and

spacing. In contrast, treatment with stone columns would typically require 15 to 45

minutes per column depending on depth and spacing. For typical treatment spacing, this

results in a reduction in treatment time of 50 to 75Yo when EQ drains are used.

Following treatment with stone columns or other densifrcation methods, the

improvement produced by the treatment is normally evaluated using some in-situ testing

procedure such as the SPT or CPT test. Experience has shown that the penetration

resistance obtained with these in-situ tests tends to increase with time after treatment;

therefore, evaluation is normally performed a week or more after treatment. These test

results must then be compared with minimum requirements in the specifications. If the

treatment does not meet the minimum requirement, additional treatment and evaluation

are normally required. This quality assurance procedure, while necessary, increases the

construction time associated with densification methods. In contrast, the length of

installed drain can be quickly measured during construction without any delay to the

project. Although some densification will likety be achieve¿ wiitr the EQ drains, it is
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generally unnecessary to evaluate this improvement. As a result, considerable time

savings are provided by EQ drains when it comes to quality assurance issues.

The installation of stone columns generally requires considerably more truck

traffic to haul the rock for the stone columns which may create more traffic and dust

problems in and around the construction site. In addition, spoil material is often

generated during the installation of stone columns. This may be as much as I to 3 cubic

meters per column. This spoil is typically very soft soil, almost fluid, material mixed

with rock. This spoil material must be stock-piled on site then either removed or spread

out to dry prior to being used as fill material on-site. Although this cost does not

normally show up in connection with stone columns it becomes a hidden cost that is

bome by the general contractor or the earthwork subcontractor and increases the overall

cost of the project. These problems are eliminated when EQ drains are employed.

8.0 CONCLUSIONS

L Besides providing drainage, EQ Drains provide a side benefit of inducing significant

settlement during installation. This leads to increased density and a lower compressibility

which both reduce the amount of settlement and increase the rate of pore pressure

dissipation relative to untreated sites. Installation using high vibration typically increased

relative density by about 10 percentage points and produced volumetric strains of 2.5Yo.

2. Controlled blasting techniques have the potential for producing significant

densification of liquef,rable soils. Settlements of 2 to 4Yo of volume were produced for

small charge masses and relative density was typically increase by 7 to 10 percentage

points. Repeated blasting could, therefore, be used as an economically viable technique

for liquefaction mitigation. However, vibration considerations might preclude its use at

many sites.

3. The presence of earthquake drains significantly increased the rate of excess pore water

pressure dissipation relative to untreated areas. Some of this increase can be attributed to
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increased density but the increase was also observed when installation induced

densification \ryas not signifi cant.

4. Settlement in areas where drains were installed using conventional procedures \¡/as

reduced to only 60% of the settlement measured in untreated areas even though the drains

did not prevent liquefaction for the high stress levels imposed by the blast tests.

5. Reasonable estimates of pore pressure dissipation rates and settlement can be obtained

for the'blast tests using FEQDrain. Further computer analyses, using soil properties

calibrated with the blast test data, suggest that vertical drains can successfully limit pore

pressure buildup and associated settlement for earthquake motions where the stress cycles

are applied more slowly than during a blasting event.
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Permeability Measurements.

In situ permeability tests were performed on one drain in each Earthquake Drain
installation group. Both packer tests and pumping with draw down measurements were
performed at drain BB in the group installed with compaction. Packer tests were
performed at drain #2 inthe group installed without compaction.

Packer Tests: Packer tests were performed in individual drains using equipment
obtained from RST Instruments, LTD, consisting of a double Model PQ packer (see

Figure A-1) and a flow meterþressure gage assembly (see Figure A-2). A schematic
representation of the packer test arrangement is shown in Figure A-3.

System head losses for the packer tests were determined by placing the outlet of the
packer assembly at the same elevation as the pressure meter, and allowing water pumped
through the assembly to exit freely from the system. For a flow of t.534 cubic feet per
minute, the pressure recorded was 11 psi, or 25.38 feet of water. System losses for other
flow rates were assumed to be proportional to the flow rate (or velocity) squared.

Packer tests were performed by inserting the packer assembly into the test drain, taking
care to place the central portion of the assembly at the desired level. The packers \¡/ere
then inflated to the manufacturer's recommended pressure by means of compressed

nitrogen. GV/T and H,n (Figure A-3) were carefully measured and recorded. Water was
then pumped through the system. Flow rate was determined by measuring the time for a
total water volume of 0.1 m' to flo* through the system.

1O.O APPENDIX
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Figure A-1. Double Packer RST lylod_gl

Figure A-2. Flow Meter and Pressure Gage for Permeability Test.
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Figure A-3. Schematic Representation of Packer Test.

The pressure was read from a 4" dial meter with a range of I to 100 psi. Consequently

readings could only be estimated to about 0.5 psi. The recorded pressure remained constant

within these limits over the approximate 2 minutes required. Care was taken to keep water
pressures within the ground below the effective overburden to prevent hydraulic fracturing of
the soil.

There are two unknowns in the Hvorslev equation, kn and m (or, krr and ku). The intention was

to perform tests with two L-values and solve the equations simultaneously. Unfortunately, the

equations are too ill-conditioned and actual measurements too variable for this scheme to
work. However, k¡ appears not to depend heavily on m, particularly for large L. The

following calculations include a wide range of m-values. It appears that a value of kr'/ku : 1

(m:1) produces the most consistent overall results.

Packer tests were performed in drain BB of the vibrated area with two different L-values ; 6.26

ft and 2.I67ft.. A packer test was performed in drain #2 of the nonvibrated area with L : 6.26

feet only. Results follow:

PACKER TEST RESULTS:

H, = P{,+ H.+ GWT - SYstem losses

Systemlosses=11psi
= 25.38 ft

2]tLHc

FLOU'
MEÌER

\@

Hvorslev Equation (1 951 )
"Time Lag and Soil Permeability in
Gmund-Water Obseruations",
Bulletin No. 36, Watenrvays Experiment

Station, Corps of Engineers, U.S. Arrny
(Case G, Figuæ 18)

Vancouver Li qu efaction Test
Schematic of Permeability Test Equipment
R. Goughnour 4-31-02

Vibrated Area- Drain BB
3-24-02
H'n:36" - 3'
GWT:9.5'
L: 6.26'
D:0.367'
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Test Depth

1l'-17'
16'-22',
2l',-27',
26',-32',

3l'-37',

Time for
0.1m3

2.30 min
2.283
2.25
2.225
2.225

Solution to Hvorslev Eqn:
Permeability kr' in ff/min

q
cfm

1.534
1.545
1.568
1.586
1.586

ll'-17'
16'-22',
21'-27',
26',-32'
3l'-37'

System loss
psi

1l
1 1.158
11.497
1 1.758
I 1.758

1

.0135

.0150

.0178

.0232

.0232

2

.0148

.016s

.0196

.0255

.0255

Vibrated Area - Drain BB
3-24-02
H,n:36" - 3'
GWT :9.5'
L:2.167'
D:0.367'

P
psi

krlku
J

10

9.7s
9.50

9
9

.0156

.0173

.0206

.0268

.0268

H.
ft

Test Deptlr

14'-16'
19'-21'
24',-26'
29'-31',
34',-36',

t0.2
9.258
7.899
6.r43
6.143

5

.0166

.0184

.0219
,0285
.0285

Time for
0.1m3

2.30 min
2.317
2.292
2.25
2.267

10

.0t79

.0199

.0237

.0308

.0308

Solution to Hvorslev Eqn:
Permeabilþ kn ft/min

T2

t4'-t6' .0234 .0311

50

.0210

.0233

.0277

.0361

.0361

q
cfrn

1.534
t.523
1.540
1.s68
1.557

System loss
psi

11

10.84
11.080
1r.493
rt.328

kn/k"
J

P
psi

.0334

10

10

9.5
9

9.5

5

.0362

H.
ft

t0.2
10.57
8.86
6.76
8.29

10

.0400

50

.0489
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19'-21'
24',-26',
29',-31',
34'-36',

.0262

.0316

.0422

.0342

Drains Only Q'{o vibration) -Dtnn#2
3-24-02
H. = 15" :1.25'
GWT :10.25'
L: 6.26'
D:0.367'

.0298

.0360

.0481

.0389

Test Depth

17'-17'
16'-22',
2l'-27'
26',-32',
3r'-37',

.0320

.0386

.0515

.0417

.0347

.0418

.0558

.0452

Time for q
0.1 m3 cfrn

2.367 min
2.500
2.383
2.350
2.250

Solution to Hvorslev Eqn:
Permeability kn ff/min

.0383

.0462

.0617

.0499

11'-17'
16'-22',
2|',-27',
26',-32',
3l'-37',

.0468

.0565

,0754
.0610

1.49t
1.4t2
1.481
1.502
1.568

1

.0204

.0097

.02t1

.0406

.1269

System loss
psi

10.392
9.313

10.250
10.540
11.498

2

.0225

.0107

.0232

.0446

.1394

kr'/k"
J

P
psi

.0236

.0112

.0244

.0469

.t467

8.25
l0
I
7
7

5

.0251

.0119

.0259

.0499

.1 559

Hc
ft

6.55
13.08
6.30
3.32
1.11

10

.0271

.0129

.0280

.0539

.1 683

50

.0318

.0151

.0328

.0631

.t973

94
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Figure A-4. Schematic of Draw Down Test at Drain #2 Uncompacted Drain Group.

I)raw Down Tests

w

A draw down test was performed at drain BB of the drain group installed with compaction. This

test, shown schematically in Figure A-4, was performed by pumping at a constant rate from the

drain BB until equilibrium water levels were reached at drains BB, CC, and DD. Equilibrium
appeared to be reached within 10 to 15 minutes.

Drawdown Test :

Water table initial 9.0 ft below ground

r1 i
hl

h* :28.5 ft
hl :30.0 ft
lÞ :30.42ft
r*:0.1835 ft
f1 :4ft
12:8ft
Q at equilibrium:
Pumped drain: BB
First drain: CC
Second drain: DD

Í2 I

Approx 40 ft

Vancouver.Liquefacti on Test
Schematic of Drawdown Test
R. Goughnour 5-&02

Considering the drains to terminate at impermeable base:

1.568 ft3lmin
of vibrated cluster

9s



t,OrK=--7rz ,z\ln

Well to 4 ft;k: 0.0175 ff/min
Well to 8 ft; k:0.0167 ff/min
4 ftto 8 ft; k : 0.0137 ff/min

Considering Case F, Fig. 18 of Hvorslev with:
L:30 ft
D:0.367 ft.

Q: 1.568 ft3lmin
H":2.5 ft

i)

I
2
J

5

10
50

krt

.0170

.0204

.0211

.0219

.023r

.02s8

96
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