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ABSTRACT 
Full-scale, controlled blasting field tests on conventional and drained, driven displacement pile-improved ground were 
conducted to study the response of densified and reinforced ground to blast-induced excess pore pressures. This paper 
describes simplified numerical models used to simulate the controlled blasting field tests in the unimproved control zone 
and improved ground. Coupled, fluid-mechanical finite element analyses were calibrated to the unimproved control 
response, assessed by comparison of residual excess pore pressures and post-blasting settlements. Then, model 
parameters were altered to reflect the observed densification and cyclic resistance of the various improved zones to 
evaluate the accuracy of calculations of excess pore pressure. The simplified finite element analyses produced good 
estimates of the generation and dissipation of excess pore pressures for the conventional displacement pile-reinforced 
ground. Simulations of the drained pile-improved ground predicted significant drainage during blasting, but this response 
was not physically observed, and the blast-induced excess pore pressure was similar to the conventional piles. The 
comparison of observed and simulated pore pressure response indicates that the piles did not deform in a shear strain 
compatible manner as commonly assumed in some design approaches. 
 
 
 
1 INTRODUCTION 
 
Recent earthquakes across the globe continue to remind 
geotechnical engineers of the consequences of strong 
ground motion, including liquefaction and lateral 
spreading. The alternatives for mitigation of liquefaction 
and lateral spreading generally fall into one or more of 
three classes: (1) densification, (2) reinforcement, and/or 
(3) drainage. Depending on the installation technique and 
design philosophy, the ground improvement may serve to 
increase the cyclic resistance (densification, drainage), 
reduce the cyclic stresses (reinforcement), or both. 
Accordingly, there is a strong need to identify those 
preferably simple approaches for evaluating the efficacy 
of ground improvement programs to help guide selection 
and design of the possible mitigation alternatives. 

Experimental work performed to evaluate the 
effectiveness of driven displacement piles to mitigate the 
effects of liquefaction was recently carried out (Gianella et 
al. 2015, Stuedlein et al. 2016, Stuedlein and Gianella 
2016; Gianella and Stuedlein 2017). Driven displacement 
piles serve to densify and reinforce the ground, the latter 
mode of improvement increasing global stability and 
potentially redirect a portion of the cyclic shear stresses 
developed during strong ground motion from the 
potentially liquefiable soil to the piling. Sophisticated 
numerical models described by Rayamajhi et al. (2014, 
2016) have shown that the magnitude of cyclic stress ratio 
reduction is much smaller than that expected from shear 
strain-compatible deformation. This represents an 
important contribution as those mitigation alternatives that 
rely solely on reinforcement may not be able to serve as 
intended if designed using shear strain compatibility. 
Accordingly, accounting for densification of the potentially 

liquefiable soils with driven displacement piling may be 
critical for meeting the performance criteria associated 
with Performance Based Design, such as limiting 
deformation or seismically-induced excess pore pressures 
to tolerable values. One approach for selecting the 
required pile spacing is to estimate the amount of 
densification possible and determine the corresponding 
N1,60 or qc1N for use in liquefaction triggering procedures 
(e.g., Boulanger and Idriss 2015). However, the 
magnitude of excess pore pressure and corresponding 
volumetric strain following shaking are not directly 
assessed using triggering procedures. Thus, the 
identification of simplified methods to evaluate the 
suitability of a selected trial spacing is of high interest. 

This paper presents an evaluation of simplified finite 
element (FE) modeling software typically used to select 
the spacing of earthquake drains to model the generation 
and dissipation of excess pore pressure in displacement 
pile-improved ground by simulating physical experiments 
carried out using controlled blasting. Despite the inability 
to account for the reinforcement effect provided by the 
piling (and corresponding reduction in cyclic stresses or 
amplification of motions), the results show that a first 
order estimate of peak residual excess pore pressure and 
rate of pore pressure dissipation may be possible using 
the simplified FE software.   
 
2 EXPERIMENTAL PROGRAM 
 
2.1 Subsurface Conditions 
 
Stuedlein et al. (2016) describe the displacement pile 
ground improvement test program and post-improvement 
CPT cone tip resistance, SPT penetration resistance, and 



 

Figure 1. Test program including pile locations (open circles), CPTs (open triangles), seismic CPTs (open circles with 
centered circle), mud-rotary borings (solid circles) and blast casing locations (solid circles, designated using “E”, e.g., B-
1E1 and B-6E2, etc.). Zone 5 was not considered in the controlled blasting program.  

shear wave velocity in detail. The subsurface conditions 
are briefly summarized here to provide an appropriate 
context for interpretation of the blast experiments and 
numerical simulations. The piles were installed through a 
2 to 2.5 m thick layer of loose to medium dense, clayey 
and silty sand fill (SC and SM), soil that included 
residential housing debris (e.g., brick, wood, roofing 
shingles, etc.) generated following Hurricane Hugo in 
1989. Underlying the fill is a 8.5 to 9 m thick layer of loose 
to medium dense (prior to improvement), potentially 
liquefiable clean to silty sand (SP and SM); this unit is 
termed “Layer 2” in the modeling efforts described below. 
Underlying Layer 2 is a 1 to 1.5 m thick stratum of sandy 
clay (CH). This was followed by a deposit of dense to very 
dense sand (SP), overlying medium dense silty sand 
transition to Cooper Marl at depth. The stratigraphy 
across the site was relatively uniform; prior to 
improvement, CPT qt and energy-corrected SPT N60 
ranged between approximately 1 and 10 MPa and 1 to 10 
blows per 0.3 m, respectively, within the potentially 
liquefiable Layer 2. The groundwater table was 2.15 m 
below the ground surface during the second blast event 
(described below). The focus of this paper is on the 
modeling of Layer 2. 
 
2.2 Ground Improvement Program 
 
Figure 1 presents the planned pile groups constructed to 
evaluate the magnitude of ground improvement possible 
with conventional and drained displacement piles (actual 
locations varied somewhat). Zones 1 and 2 consisted of 
timber piles fitted with pre-fabricated vertical drain (PVD) 
elements, and were installed in five-by-five pile groups 
spaced at five and three pile head diameters (D, equal to 
310 mm, on average), respectively. Pile groups in Zones 
3, 4, 5A, and 5B were installed at 5D, 3D, 2D, and 4D, 
respectively. The piles were all intended to bear on the 
dense sand layer (approximately 12.5 to 13 m below the 
ground surface), but many could not be driven to this 
layer due to soil densification and pile refusal (Stuedlein 
et al. 2016) and Stuedlein and Gianella (2016). 
 

2.3 Controlled Blasting 
 
Controlled blasting was used to compare the performance 
of treated ground to the untreated ground. A trial blasting 
program for the untreated ground was conducted to 
evaluate the detonation sequence, spacing, and charge 
weight necessary to produce liquefaction in Layer 2. Two 
small-weight test blasts (BE1 and BE 2) were conducted 
to check the integrity of the pore pressure transducers.  A 
third and fourth event was conducted, termed Blast Event 
3 (BE3) and BE4 as described in Mahvelati et al. (2016). 
Both BE3 and BE4 used nominally similar charge weight 
and arrangement; however, BE3 was not executed with 
the intended charge delay, resulting in the necessity of 
BE4, conducted about 6 months after BE3. This study 
focuses on BE4. For both events, 24 0.91 kg-TNT 
equivalent Pentaerythritol tetranitrate (PETN) charges, 
resulting in a total charge weight of 21.8 kg, were 
distributed in four decks ranging in depth from 3.7 to 8.8 
m in six blast casings installed in a circular arrangement 
7.62 m in diameter (similar to that shown in Figure 1). 
This “control zone” was located further than 20 m away 
from the treated ground. The blast sequence was to set a 
delay of 600 ms in between separate blasts, starting at 
the bottom deck and working towards the surface, with 
alternating sequences of two single charges and two pairs 
of charges at each deck to achieve 9 seconds of blasting.  

Pore pressure transducers (PPTs) were installed 
within boreholes drilled in the center of the control zone 
and treated zones (B-3, B-5, B-7, and B-9 in Figure 1) in 
order to observe the excess pore pressures developed as 
a result of the detonation of explosive charges. Druck 
model UNIK 5000 PPTs capable of measuring pressures 
of up to 5.2 MPa, and withstanding blast pressures of up 
to 20.7 MPa were used. The PPTs were individually 
calibrated prior to insertion within weighted, protective 
acrylic housings fabricated similar to that described by 
Cox et al. (2009) and grouted within the boreholes at 
nominal target depths of 4.6, 6.1, 7.6, and 9.1 m. The 
actual depth of PPT installation varied from borehole to 
borehole, as described below. A low-strength cement-
bentonite grout was used to seal the PPTs in the 
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boreholes and prevent communication of pore pressures 
within the borehole following the best practices described 
by Mikkelsen and Green (2003). 
 
2.4 Observations following Controlled Blasting 
 
Gianella and Stuedlein (2017) describe the results of the 
controlled blasting in the control zone and treated zone in 
detail; a brief discussion is summarized here. The 
generation and dissipation of excess pore pressure, ue, is 
discussed herein using the excess pore pressure ratio, ru, 
defined as the ratio of ue to the initial vertical effective 

stress, ’vo, at each PPT location. Figure 2 shows the four 
ru time histories from BE4 in the control zone, with an 
inset figure indicating the first 15 seconds of the time 
history. Each blast cycle is clearly illustrated, indicating 
the contractive soil response to each detonation, 
corresponding to the loose nature of the sandy soil. In 
general, the deeper portions of the liquefiable layer 
experienced greater ru than the more shallow portions. 
Complete initial liquefaction (i.e., ru = 100%) was achieved 
during blasting all of the PPTs; however, the two deepest 
sensors indicated residual post-blasting ru near or equal 
to 100% for BE4. Settlement surveys conducted after 
dissipation of excess pore pressures indicated maximum 
settlements of approximately 200 mm for BE4, or 
approximately 2% volumetric strain averaged over the 8.5 
m thick liquefiable layer. However, it is likely that larger 
and smaller volumetric strains occurred in deeper and 
shallower portions of the layer, respectively, based on the 
CPT and PPT measurements. 
 

Figure 2. Blast-induced excess pore pressures resulting in 
the unimproved control zone. 
 
3 SIMPLIFIED NUMERICAL MODELING 
 
An axisymmetric, coupled fluid-mechanical FE model, 
FEQDrain, developed by Pestana et al. (1997) for use 
with pre-fabricated earthquake drains, was used to 
simulate the pore pressure response observed in the 
control and treated zones. Although blasting produces 
strong compressive (longitudinal) pulse-like motions, the 
residual excess pore pressure following each blast results 

from unloading in shear. Although blasting and seismic 
motions differ considerably, the evaluation of the 
suitability of FEQDrain in this study holds significant 
potential benefit to practitioners.  
 
3.1 Comparison of Blasting and Seismic Ground 

Motions 
 
Significant differences between blast-induced and seismic 
ground motions exist, and a brief discussion of these 
differences is helpful for the interpretation of the results 
described in this study. In general, earthquake-induced 
ground motions in a near-surface free-field produce 
vertically-propagating horizontal shear stresses as the 
dominant loading type (Seed 1979).  On the other hand, 
detonation of explosives results in the generation of a 
shock wave that propagates radially from the charge 
(Dowding and Hryciw 1986). The resulting ground 
motions reflect the passage of the shockwave which is 
characterized by initial compressive stresses followed by 
tensile hoop stresses (Narin van Court and Mitchell 1994), 
which upon unloading, induce shear stresses owing to the 
expanding conical shockwave geometry (Hryciw 1986). 
These stresses travel at the p-wave velocity of the soil, as 
opposed to the s-wave velocity associated with 
earthquake-induced cyclic shear stresses. The peak 
amplitude and frequency content of near-field acceleration 
time histories associated with blasting is significantly 
higher than those of earthquake time histories, and are 
characterized with high amplitude shear strain pulses 
(Gohl et al. 2001), implying higher shear strain rates than 
those of earthquakes. However, Gohl et al. (2001) noted 
that the ground velocity and displacement amplitudes 
developed from blasting over the test volume are 
comparable to those generated by earthquake motions; 
this development is attributed to the high frequency nature 
of the accelerations (Kramer 1996; Dowding and Duplaine 
2004). Pore pressures that are generated from blasting 
result from a combination of changes in total mean stress 
during the blast pulse, transient mean effective stresses 
imposed on the soil skeleton, and unloading-type shear 
strains; of these, the major contributor to residual excess 
pore pressures is from the shear strains (Gohl et al. 
2010). If simplified models, such as the one investigated 
here that relies on seismic-induced cyclic stresses, can 
reproduce the salient effects of blasting on the residual 
excess pore pressure, then practitioners will have another 
tool for use in evaluating performance-based design. 
 
3.2 General Numerical Modeling Approach  
 

The approach taken consisted of calibrating the 
relevant soil parameters using laboratory test analyses of 
representative soil samples and the dissipation response 
in the control zone, and then modifying selected 

resistance parameters (Dr, NL, and sat) based on the 
post-improvement in-situ test results described by 
Stuedlein et al. (2016) to make estimates of the observed 
peak residual ru and excess pore pressure dissipation 
time histories in the improved zone. Table 1 summarizes 
the numerical model parameters for the control zone, 
whereas Table 2 summarizes the numerical model 



 

parameters for a treated zone as an example (explained 
in more detail below). Calibration efforts for the control 
zone focused mainly on the hydraulic conductivities, of 
which the actual magnitudes deviated little from 
correlations to laboratory-based index tests. The no drain 
option available in FEQDrain was selected to model the 
pore pressure dissipation of the control zone and 
conventional timber pile-improved ground, whereas the 
actual geometrical and hydraulic parameters of the PVD 
were used to model the drained pile-improved ground 
using the perforated drain option (Table 3). The 

axisymmetric geometry of the FE model requires the use 
of an equivalent unit cell (Pestana et al. 1997), the 
diameter of which is controlled by the pile spacing. Refer 
to Gianella (2015) for specific details regarding the 
modeling of each zone and the PVDs. The pile itself was 
not modeled in these FE models, and therefore the results 
should be considered an approximation to reality (refer to 
Rayamajhi et al. 2014, 2016 and Gianella and Stuedlein 
2017 for possible implications). 

 
 

 

Table 1. Summary of calibrated FEQDrain parameters for the control zone. 
 

Depth (m) 
Layer 

# 
N1,60 

FC 
(%) 

kh 
(cm/sec) 

kv  
(cm/sec) 

mv0 
(m

2
/kN) 

Dr 

(%) 
γsat 

(kN/m
3
) 

θ CRR NL 

0 to 2.13 1 8 21 7.3x10
-2

 1.8x10
-2

 3.3x10
-5

 58 19.1 0.7 0.135 20 

2.13 to 4.57 2 14 3 1.6x10
-2

 1.0x10
-2

 2.0x10
-5

 46 18.4 0.8 0.150 17 

4.57 to 5.79 3 7 8 1.6x10
-2

 1.0x10
-2

 2.0x10
-5

 30 17.3 0.8 0.075 18 

5.79 to 9.75 4 17 9 2.4x10
-2

 6.1x10
-2

 3.3x10
-5

 40 18.1 0.8 0.230 16 

9.75 to 12.19 5 11 28 2.4x10
-2

 6.1x10
-3

 3.3x10
-5

 25 17.3 0.8 0.190 15 

12.19 to 14.63 6 47 1 3.4x10
-2

 2.2x10
-2

 2.0x10
-5

 90 20.7 0.5 NA 1000

14.63 to 15.24 7 8 40 4.0x10
-4

 1.0x10
-6

 3.3x10
-5

 41 18.1 0.7 0.160 15 

 
3.3 Finite Element Model Simulations of the Control 

Zone 
 
The soil profiles were modeled using six or seven soil 
layers depending on the site stratigraphy, relative density, 
and laboratory test data. Relevant soil properties such as 
the hydraulic conductivity, Dr, and initial modulus of 
volume compressibility, mvo, were required for modeling 
the generation and dissipation of the blast-induced excess 
pore pressures. The mvo of the clean sand layers were set 
equal to 2x10

-5
 m

2
/kN based on typical values for 

Sacramento River Sand (PHRI 1997; similar to the beach 
sands in this study). Based on flexible wall permeameter 
test data reported by Bandini and Sathiskumar (2009), 
mvo for the silty sand layers were set equal to 3.3x10

-5
 

m
2
/kN. These mvo values were not altered during 

calibration of the control zone model. 
The selection of appropriate vertical and horizontal 

hydraulic conductivities represents a critical task in the 
modeling and interpretation of the blasting-induced pore 
pressures given the 3D nature of the experimental setup. 
Confidence in these values is achieved by calibrating to 
the pore pressure response in the control zone. The initial 
vertical hydraulic conductivity, kv, for each soil layer was 
selected based on three representative soils samples and 
correlations to the grain size distributions developed from 
laboratory test analyses (Gianella 2015). Since the 
horizontal hydraulic conductivity, kh, is typically larger than 
kv, kh was estimated by multiplying kv by 1.5 and 4 for 
clean and silty sand layers, respectively. Adjustments to 
the estimated kv and kh were made until the pore pressure 
dissipation rate observed at each PPT was in agreement 
with the measured response in the control zone. The 
selected hydraulic conductivities used to model the 
control zone are shown for each soil layer in the Table 1, 
and fall within typical values for sandy soils. Practitioners 
wishing to use this approach in forward models may need 

to consider slug or pumping tests to obtain reliable 
hydraulic conductivities. The relative density for each of 
the soil layers in the control zone was selected using 
CPT-based relative density estimates as described by 
Stuedlein et al. (2016). Soil layer depths and thicknesses, 
saturated unit weights, γsat, and Dr, were not modified 
during calibration of the control zone model. 

The generation of excess pore pressure in FEQDrain 
is directly related to the number of equivalent uniform 
loading cycles, Neq, and this can be normalized by the 
number of cycles required to cause liquefaction, NL. Soils 
that are more resistant to liquefaction are characterized 
with higher NL, resulting in a lower ru values for a given 
Neq. The cyclic resistance ratio (CRR) for each soil layer 
was estimated using the Seed et al. (1985) triggering 
curves with corrected SPT penetration resistance, N1,60 
from boring B-1 and the observed fines content, FC. After 
the CRR to induce liquefaction for each soil layer was 
determined, NL was determined using the charts 
proposed by Pestana et al. (1997). Table 1 shows the 
average N1,60 and FC used to estimate the CRR and NL 
for the calibrated control zone model. Some differences 
between N1,60 and Dr for a given layer developed due to 
spatial variability between the SPT and CPT observations 
along the control zone. The FE model simulates 
earthquake loading by the specification of Neq and the 
duration, td, representative of a given earthquake. Since a 
specific earthquake (e.g., magnitude, acceleration, fault 
type) was not modeled, Neq and td were selected based 
on the blasting program implemented in the control zone: 
sixteen individual cycles (i.e., one per detonation) were 
applied over a 9 second time period. Each detonation was 
taken as an earthquake cycle (i.e., Neq = 16) over td = 9 
seconds for the FEQ simulation. These input parameters 
correspond to an earthquake event with a magnitude 
ranging from 6.0 to 7.5 based on Seed et al. (1975) and 
Seed  and  Idriss  (1982).  Excess  pore  pressures  were 



 

Figure 3. Comparison of observed and simulated excess pore pressure dissipation generation and dissipation time
histories for the control zone and BE4 at a depth of (a) 5.25 m, (b) 6.35 m, (c) 7.39 m, and (d) 8.60 m. 
Table 2. Summary of example FEQDrain parameters; Zone 2 (3DPVD) shown. 
 

Depth (m) 
Layer 

# 
N1,60 

FC 
(%) 

kh 
(cm/sec) 

kv 
(cm/sec) 

mv0 
(m

2
/kN) 

Dr 

(%) 
γsat 

(kN/m
3
) 

θ CRR NL 

0 to 2.13 1 35 14 7.3x10
-2

 1.8x10
-2

 3.3x10
-5

 50 18.7 0.7 NA 30 

2.13 to 5.18 2 19 6 1.6x10
-2

 1.0x10
-2

 2.0x10
-5

 76 20.1 0.7 0.21 14 

5.18 to 8.53 3 21 9 2.4x10
-2

 6.1x10
-3

 3.3x10
-5

 83 20.4 0.7 0.24 21 

8.53 to 12.49 4 12 15 2.4x10
-2

 6.1x10
-3

 3.3x10
-5

 57 19.2 0.7 0.18 15 

12.49 to 14.63 5 48 2 3.4x10
-2

 2.2x10
-2

 2.0x10
-5

 90 20.7 0.5 NA 1000

14.63 to 15.24 6 11 34 4.0x10
-4

 1.0x10
-6

 3.3x10
-5

 50 18.7 0.7 0.19 17 

 
modeled over the specified td using the generation 
function proposed by Seed et al. (1975) and pore 

pressure generation parameter  (Table 1). 
Figure 3 presents the generation and dissipation of ru 

in the control zone at depths of 5.25, 6.35, 7.39, and 8.60 
m for BE4, along with the pore pressures computed using 
the FE model. The response computed using the FE 
model does not show peaks in ru as observed for each 
blast pulse measured in the field, which includes the 
response to the initial p-wave following s-waves that are 
generated upon unloading. However, the peak residual 
values are similar at approximately 10 seconds once the 
detonations have ceased. The comparison of measured 
and computed dissipation of ru indicates that the rate of 
dissipation was satisfactorily modeled. Following 

dissipation of the pore water pressures to hydrostatic 
levels, the total settlement computed using the FE model 
was about 180 mm, which compares reasonably to the 
200 mm maximum settlement measured in the center of 
the control zone following BE4. 
 
3.4 Finite Element Model Simulations of the Improved 

Ground 
 

Based on the comparison of the measured and 
computed excess pore pressure response, the FE model 
appeared to be sufficiently calibrated for use in predicting 
the pore pressure response of the improved ground. 
Following densification, model parameters such as the kv, 
kh, and mvo would be expected to decrease corresponding 



 

with the reduction in void ratio. However, the magnitude of 
decrease in these parameters was unknown, and 
therefore the same values used in the control zone were 
used to model the treated zones. To account for improved 
cyclic resistance following densification, Dr, NL and γsat 
were updated using the 255-day and 292-day post-
improvement CPT and SPT results (Stuedlein et al. 
2016), respectively, associated with the long-term 
densification achieved as a result of pile installation (n.b., 
these were the only changes to the calibrated soil model 
parameters). Table 2 provides an example soil profile 
used for the FE models, with Zone 2 (3DPVD) shown to 
illustrate post-improvement FEQDrain parameters. The 
CRR for each layer was estimated using the N1,60 values 
from SPTs performed 292-days following pile installation 
(i.e., B-3, B-5, B-7, and B-9). The PVD-enhanced piles in 
Zones 1 and 2 were modeled as a vertical composite 
drain with perforations in the FE model, similar to the 
approach described by Pestana et al. (1997). The 
equivalent diameter of the PVDs for use in the FE model 
was calculated following the approach suggested by 
Hansbo (1979). Table 3 summarizes the relevant model 
drain parameters; see Gianella (2015) for details 
regarding the selection of these drain model parameters. 
 
Table 3. Summary of drain and reservoir input parameters 
used in FEQDrain simulations for Zones 1 and 2. 
 

Model 
Parameter 

Value Description 

c1 0 
Material constant for vertical
drain resistance 

c2 1 
Material constant for vertical
drain resistance 

corf 1 
Constant for head loss through
pipe perforation 

orf 
0.065 
(m

2
/m) 

Area of openings per unit length
in perforated pipe 

permit 
0.3 
(sec

-1
) 

Permittivity of fabric in composite
drain 

aread 
3.75x10

-3
 

(m
2
) 

Effective storage area of drain 

rw 
0.035 
(m) 

Well radius 

arear 
3.75x10

-3
 

(m
2
) 

Effective storage area of the
reservoir 

depress 
0.0 
(m) 

Depth below surface to bottom of
reservoir 

c3 0 
Material constant for vertical
resistance in reservoir 

c4 1 
Material constant for vertical
resistance in reservoir 

 
Figure 4 presents examples of the comparison of the 

observed and computed pore pressure generation and 
dissipation response in the treated zones at various 
depths. The improvement in excess pore pressure 

dissipation of the drained piles computed by the FE model 
(Figures 4a and 4b) was not observed in the actual 
excess pore pressure response. Because the magnitude 
of excess pore pressure modeled was not as large as that 
observed, the corresponding hydraulic gradients 
developed following shaking were smaller than those 
developed following blasting, and therefore the observed 
dissipation time histories were not accurately simulated. 
Clearly, the drainage theoretically available from the 
PVDs was not realized following blasting. 

Figures 4c through 4f present the excess pore 
pressure generation and dissipation time histories for 
Zones 3 and 4, representing the conventional 
displacement piling. The peak residual excess pore 
pressures computed for the conventional piles generally 
equaled or slightly over-estimated the observed excess 
pore pressures.  Additionally, the rate of dissipation 
agreed fairly well with the observed dissipation time 
histories. This suggests that if reliable FEQDrain model 
parameters, preferably using laboratory tests,  and post-
densification cyclic resistance ratios can be determined 
then the simplified FE model can be used to evaluate the 
generation and dissipation of shaking-induced excess 
pore pressures. Such information can be used to help 
gauge the suitability of a proposed densification program. 
 
3.5 Implications for Cyclic Stress Ratio Reduction 
 

As discussed earlier, displacement piles can serve to 
both densify and reinforce potentially liquefiable soils. The 
field observations developed during this study may be 
used to indirectly evaluate the reinforcement effect of the 
piling with regard to cyclic stress ratio reduction. Such 
observations are timely, given the numerical simulations 
and centrifuge test data of Rayamajhi et al. (2014, 2015, 
and 2016) regarding the efficacy of the shear strain 
compatibility (SSC) assumption proposed by Baez (1995). 

Gianella (2015) summarized the range in composite 
shear strains computed using the SSC approach at each 
of the PPT locations in Zones 1 through 4. The shear 
strains computed under the SSC assumption range from   
2.4x10

-3
% to 2.5x10

-2
%, with median and standard 

deviation of 1.1x10
-2

% and 5.3x10
-2

%, respectively. Cyclic 
tests reported by Dobry et al. (1982) on Monterey No. 0 
sand, similar to the fine sand studied in this work, found 

that the threshold shear strain, th, required to initiate the 
generation of excess pore pressures was relatively 
insensitive to relative density in the range of 20 to 80% 
and confining pressures of 25 to 200 kPa, with the typical 

value of th equal to about 1.0x10
-2

%, similar to the 
median shear strain computed under the SSC 
assumption. However, the excess pore pressures 
observed in the controlled blasting program were 

significantly larger than those expected for the typical th. 
An alternative investigation of the SSC assumption was 
evaluated by Gianella and Stuedlein (2017) and showed 
that the likely shear strains induced during blasting were 
inconsistent with shear strains under SSC. Therefore, it is 
considered unlikely that the reinforcement effect 
associated with the SSC assumption was realized during 
the controlled blasting program                .  



 

 
 
4 CONCLUSIONS 
 
This paper presents a comparison of the observed excess 
pore pressure generation and dissipation associated with 
a controlled blasting program on unimproved and driven 
displacement pile-improved ground to simplified finite 
element model simulations. The simulations were 
conducted using the axisymmetric FEQDrain software, 

commonly used for evaluating the improvement in ground 
associated with earthquake drains. First, the model was 
calibrated to the excess pore pressure response observed 
in the unimproved ground, and then modifications 
associated with the observed densification following pile 
installation were made to model parameters and the 
simulations re-run to predict the pore pressure response 
of the improved ground. Two cases were investigated: (1) 
the response of conventional timber piles, and (2) that of 

Figure 4. Comparison of selected, observed and simulated excess pore pressure dissipation generation and dissipation 
time histories for the treated zones: (a) Zone 1: 5DPVD at a depth of 5.06 m, (b) Zone 2: 3DPVD at a depth of 6.16 m, 
(c) Zone 3: 5D at a depth of 4.83 m, (d) Zone 3: 5D at a depth of 6.08 m, (e) Zone 4: 3D at a depth of 7.44 m, and 
(f) Zone 4: 3D at a depth of 8.98 m. 
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“drained” piles, or timber piles fitted with pre-fabricated 
vertical drains (PVDs), as described in Stuedlein et al. 
(2016). 

The numerical simulations generally performed well in 
predicting the magnitude of peak residual excess pore 
pressures and dissipation time histories observed in the 
controlled blasting program for the case of the 
conventional piling. However, the numerical simulations 
for piling fitted with PVDs appeared to substantially over-
estimate the benefit of the drains, and the simulations 
were not considered reliable. Since the measured pore 
pressure response was similar for the conventional and 
drained timber pile zones, the drained timber pile may not 
have provided sufficient discharge capacity to transmit the 
excess pore pressures generated, or may have been 
pinched or damaged during the pile driving process 
preventing long-term service of the PVDs. Further 
research could be performed to address these potential 
shortcomings. 
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