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ABSTRACT 
Annacis Island (AIWWTP) and Northwest Langley (NLWWTP) Wastewater Treatment Plants required expansions to meet 
increasing demand requirements. Both sites are underlain by Fraser River fine sand deposits that are liquefiable under the 
design earthquake. To reduce seismic induced displacements and meet post-disaster immediate operation requirements, 
densification of the sand was required. The ground improvement contractors conducted vibro-replacement at both sites using 
the top feed wet method. 

AIWWTP ground improvement work covered an area of 43,000 m2 with a maximum depth of 34 m requiring 5,500 stone 
columns. The NLWWTP ground improvement work covered an area of 12,300 m2 with a maximum depth of 30 m requiring 
2,150 stone columns. A total of 138 cone penetration tests (CPT) were conducted for the AIWWTP and 70 CPT were conducted 
for the NLWWTP during densification trials and production work to confirm the level of ground improvement achieved. The 
NLWWTP expansion area was also preloaded for 6 months following completion of vibro-replacement and several CPTs were 
conducted after preload removal. 

The large areas and durations of the projects allowed for collection of a significant amount of CPT data. This paper presents 
observations on the CPT pre- and post-densification data.  Key observations include the ageing effect, or lack thereof, the 
effects of preloading, variability in ground improvement results and natural variability of the sand deposits at the two sites, 
measured by CPT. 

 

INTRODUCTION 

The Annacis Island Wastewater Treatment Plant (AIWWTP) 
and Northwest Langley Wastewater Treatment Plant 
(NLWWTP) are owned and operated by Metro Vancouver. 
To meet increasing demand requirements, NLWWTP 
Phase 1 Upgrade began in 2012 and was completed in 
2016.  The AIWWTP Stage 5 Phase 1 Expansion began in 
2014 and construction is currently ongoing. 

The 2007 and 2012 editions of the British Columbia 
Building Code require that wastewater treatment facilities 
provide post-disaster immediate operations for an 
earthquake with a 2% probability of exceedance in 50 years. 
Seismic hazard analyses indicated that the peak firm ground 
acceleration was 0.49 g at the NLWWTP site and 0.51 g at 
the AIWWTP. Site response analyses indicated that the 
peak acceleration at the ground surface was 0.22 g at the 
NLWWTP site and about 0.24 g at the AIWWTP. The soil 
profiles at both sites consist of surficial fill underlain by a thin 
surficial layer of fine-grained soils and Fraser River fine sand 
deposits that extend to 30 m and 50 m maximum depths. 
Most of the sand deposits are liquefiable under the design 
earthquake and effective stress seismic displacement 
analyses indicated large lateral and vertical displacements 
would occur. To reduce seismic induced displacements and 
to meet British Columbia Building Code (2007 and 2012) 
requirements for post-disaster immediate operation for all 
new structures, densification of the fine sand was required 
to mitigate the liquefaction hazard beneath and around new 
structures. Vibro-replacement stone columns were selected 
as the densification method. The ground improvement 
contractor elected to conduct vibro-replacement at both 
sites using the top feed wet method with a combination of 
air and water injection. 

 
 
 
 
 
At AIWWTP, ground improvement consisted of 

densifying an area of approximately 43,000 square meters 
to a maximum depth of 34 m through the installation of 5,500 
stone columns. A total of 138 cone penetration tests (CPT) 
were conducted during densification trials and production 
work to confirm post-ground improvement CPT penetration 
resistance. 

At NLWWTP, ground improvement consisted of 
densifying an area of approximately 12,300 square meters 
to a maximum depth of 30 m through the installation of 2,150 
stone columns. A total of 70 CPTs were conducted during 
densification trials and production work to confirm post-
ground improvement penetration resistance. The expansion 
area was preloaded for 6 months following completion of 
vibro-replacement and CPTs were conducted after preload 
removal. 

The large areas and durations of the projects, in 
conjunction with the number of pre- and post-densification 
CPT tests allowed for collection of a significant amount of 
CPT data. 

This paper presents observations on the CPT pre- and 
post-densification data. Key observations include the ageing 
effect, or lack thereof, the effects of preloading, variability in 
ground improvement results and natural variability of the 
sand deposits at the two sites, measured by CPT. 

The project locations are shown in Figure 1.  Figures 2 
and 3 show key expansion areas at the AIWWTP and 
NLWWTP sites, respectively. 



 

 
Figure 1: Project locations 

 

 
Figure 2: Annacis WWTP key expansion areas 
 

 
Figure 3: Langley WWTP expansion area 
 

Reference Datum 
The reference datum for the AIWWTP site is Geodetic 
(CVD28GVRD2005) + 100 m, while the NLWWTP reference 
datum is Geodetic. 

 

Soil Conditions 
Both sites are underlain by a variable thickness of 
compacted sand fill over a thin surficial layer of fine-grained 
soils and Fraser River fine sand deposits that extend to 30 
m and 50 m maximum depths. The soil profile varies 
somewhat across each site and nominal soil layer 
thicknesses and elevations for each site are shown in 
Table 1.  

 
Unit Annacis WWTP Langley WWTP 

Thickness 
(m) 

Top 
Elevation
/ Depth 

(m) 

Thickness 
(m) 

Top 
Elevation 
/ Depth 

(m) 

Sand Fill 4 104 / 0 1 2 / 0 
Silt or Clay 
and Silt 

2 100 / 4 2 1 / 1 

Silty Sand / 
Sandy Silt 

3 98 / 6 5 -1 / 3 

Fraser River 
Sand 

40 95 / 9 21 -6 / 8 

Silt and Silty 
Clay 

50 55 / 49 >120 -28 / 30  

Glacial Till  - 
 

4 / 100 - <-148 / 
150 

Table 1: Simplified Soil Stratigraphy  

 
Measured fines contents (% by weight <0.075 mm) from 
washed sieve analyses on recovered samples for the 
AIWWTP site are shown in Figure 4. Measured fines 
contents are predominantly below 10% for the entire depth 
and generally about 5%. Grain size distributions curves are 
shown in Figure 5. 

 
Figure 4: Annacis Fines Content Profile 
 



 
Figure 5: Annacis Grain Size Distribution for Sand 
 
Measured fines contents (% by weight <0.075 mm) for the 
Fraser River sand stratum from washed sieve analyses on 
recovered samples for the NLWWTP site are shown in 
Figure 6. Note that fines contents on identified silt lenses 
have been omitted. The fines contents between El. 0 m 
and El. -6 m are generally from sand seams in the upper 
silt/clay stratum and silty sand/sandy silt transition zone 
and generally vary from 10% to 20%. Measured fines 
contents are consistently less than 10% below El. -12 m 
and average about 7%. Grain size distributions curves are 
shown in Figure 7. 
 

 
Figure 6: Langley Fines Content Profile 
 

 
Figure 7: Langley Grain Size Distribution for Sand 

CPT Interpretation Methodology 
Since high fines content (<0.075 mm) soil zones typically are 
not densifiable using vibro-replacement ground 
improvement without supplemental measures such a wick 
drains, CPT tip resistance data for all zones with apparent 
fines content (<0.075 mm) >20% are not included in the CPT 
plots presented herein.  

Similarly, CPT tip resistance is affected by soil layering 
(boundary effect) and CPT data were removed 300 mm 
above or below soil layers with greater than >20% apparent 
fines content, provided the thickness of the soil layer with 
>20% apparent fines content was >100 mm.  

CPT data was capped at a maximum of 300 bar. Any 
data above 300 bar was deleted for averaging purposes. 
The reason for this is that some CPTs would deviate from 
vertical and hit stone columns resulting in very high tip 
resistance, which are not representative of the level of 
densification achieved. Including these outlier CPT data 
tend to significantly skew the results upward when 
averaging CPT data.  

Apparent fines content for the pre-ground improvement 
CPTs were calculated using the Robertson and Wride 
method (1998) with the Mayne (2009) method of 
determining bulk density. Comparison of pre-ground 
improvement apparent fines contents from CPTs with 
measured fines contents from laboratory testing on standard 
penetration test (SPT) samples collected over a 450 mm to 
600 mm test interval showed a correlation, typically with 
apparent fines content 30% to 60% higher than the 
measured fines contents.  

For the post-ground improvement CPTs, the same 
method of estimating apparent fines content was used. No 
post-ground improvement drilling was done to confirm fines 
content. Nguyen et. al. (2014) indicate that vibratory ground 
improvement increases the lateral earth pressures in the 
soils causing a shift in CPT Soil Behaviour Type Index (Ic) 
and a corresponding decrease in the apparent fines content. 
However, the apparent fines content from the Robertson 
and Wride interpretation of pre-treatment CPTs 
overestimates the measured fines content at the Annacis 
site. Apparent fines contents from post-vibro CPTs generally 
provide a better agreement with measured fines contents in 
nearby pre-vibro sampled drill holes. Figure 8 compares pre-
vibro laboratory results with apparent fines content from 20 
pre-vibro CPTs and 30 post-vibro CPTs. 



 
Figure 8: Annacis Apparent Fines Content 

 

 
Figure 9: Langley Apparent Fines Content 

 
While the correlation between apparent and measured 

fines content appears reasonable at Annacis, at Langley the 
correlation was not as consistent.  For example, Figure 9 
presents pre-vibro apparent fines contents from one CPT 
and measured fines content from one adjacent drill hole. 

Apparent fines content are in many cases 100% higher than 
the measured fines content. 

Possible slight reductions in apparent fines content 
from post-vibro CPTs were not deemed relevant to 
comparing CPTs for assessment of ageing effects provided 
the same methodology was used for all time intervals. 
Liquefaction assessments for Fraser River sand should be 
based on measured fines content rather than apparent fines 
contents from CPTs. 

 

Annacis WWTP Ground Improvement 
Methodology 
At Annacis WWTP, a trial ground improvement program was 
conducted prior to tendering the main ground improvement 
contract. The purpose of the trial program was to provide 
data for ground improvement contractors bidding on the 
main ground improvement contract, and to confirm that the 
level of ground improvement assumed for design was 
achievable. 

The trial program was conducted by a ground 
improvement contractor in April and May 2014. One 
hundred vibro-replacement stone columns were installed 
using the top feed wet method. Twenty stone columns were 
installed in each of five adjacent trial areas. Stone column 
spacings in the vibro-replacement trial areas were 2.5 m, 
2.75 m and 3 m. 

The main ground improvement contract began in 
December 2014 and was completed by June 2016. Over this 
period, approximately 5,500 stone columns were installed 
over an area of approximately 43,000 m2. 

Prior to stone column installation, most of the work site 
was excavated by approximately 2 m depth to nominally 
El. 104 m in the previously placed sand fill.   

At the beginning of the ground improvement contract, 
seven additional trial areas were conducted with vibro-
replacement stone column spacings varying from 2.75 m to 
3.2 m, in both square and equilateral triangle spacing 
patterns. The ground improvement contractor selected a 
3.0 m spacing equilateral triangle pattern for the production 
work. 

Stone columns were installed on a 3.0 m equilateral 
triangle layout and to a nominal depth of 32 m. At some 
locations around the perimeter of the site, stone columns 
were installed from a higher level of El. 106 m, and to 34 m 
depth. 

The stone columns were constructed using the top feed 
‘wet’ method as selected by the ground improvement 
contractor. Jetting was carried out using a combination of 
both compressed air and water; the proportions of 
compressed air and water in the jetting and compaction 
phases were adjusted by the operator. The contractor had 
difficulty in consistently feeding crushed stone to the 
vibroflot for depths > 25 m in the trials and initial production 
area work. In most of the production work, the sand below 
approximately El. 80 m was compacted by vibroflotation 
without the addition of crushed stone. 

Annacis CPT Results 
The majority of post-treatment CPTs were pre-drilled for the 
first 5 to 6 m through existing sand fill, to limit cone 
deflections at depth. A plot of pre-treatment CPT tip 
resistance from 26 CPT is presented in Figure 10.  Average 
CPT tip resistance (red line), standard deviation (blue line) 



and relative standard deviation (standard deviation / 
average) (green line) profiles are shown. As expected, the 
CPT tip resistance generally increases with increasing depth 
due to stress level effects and the standard deviation also 
increases with depth. The standard deviation of the CPT tip 
resistance averages about 24 bars and the relative standard 
deviation about 19%. Figure 10 shows results from the 
Secondary Clarifiers area. Results from other areas are 
similar.  

A total of 138 post-treatment CPTs were conducted at 
Annacis. Of this total, 59 CPTs were completed in the seven 
trial areas, 22 CPTs were completed in the Primary 
Treatment Area, 43 CPTs were completed in the Secondary 
Treatment Area, and 10 CPTs were completed in the 
Secondary Odour Control Area.   

CPT were conducted a minimum of 2 days and a 
maximum of 319 days after completion of ground 
improvement. Twenty-eight CPTs were conducted within 
one week (7 days) of completion of ground improvement, 50 
CPTs were conducted between one week and one month (8 
to 30 days) after completion of ground improvement, 37 
CPTs were conducted between one and two months (31 to 
60 days) after completion of ground improvement, and 20 
CPTs were conducted between two months (60 days) and 
319 days after completion of ground improvement. 

 

 
Figure 10: Annacis Pre-Treatment CPT 

 

While many CPTs were conducted in the seven trial 
areas, unfortunately these CPTs are not particularly suitable 
for examining aging effects.  Since each trial area used 
slightly different methodology (column spacing, compaction 
time, maximum amperage etc.) the number of CPTs that can 
directly be compared to other CPTs in the same trial area, 
but at different times, is too limited. 

A plot of Secondary Clarifier Area post-treatment CPT tip 
resistance is presented in Figure 11. Forty-one CPT were 
conducted between 5 days to 130 days after completion of 
ground improvement. Average pre-treatment (red line) and 
post-treatment (black line) CPT tip resistances, post-
treatment standard deviation (blue line) and relative 
standard deviation (green line) are shown. The standard 
deviation of the CPT tip resistance averages about 37 bars 
and the relative standard deviation about 23%. The post-
treatment CPT resistance data show considerably more 
scatter in the data that the pre-treatment data, and the post-
treatment standard deviation is about 50% higher and the 
relative standard deviation is about 20% higher than the pre-
treatment values. Some local zones of CPT tip resistance in 
an individual CPT profile are no higher than the pre-
treatment values. This may be due to variations in the stone 
column construction process or gaps in compaction. 

 
Figure 11: Annacis Secondary Area Post-Treatment CPT 
 

Secondary Clarifier Area CPTs were grouped by age 
based on days since completion of ground improvement. 
CPTs were split into three groups, 5 to 7 days (9 CPTs), 8 
to 30 days (13 CPTs) and 31 to 130 days (19 CPTs) and the 
average CPT tip resistance profile determined. Results are 
presented in Figure 12. 

Figure 12 shows that there was generally a slight 
increase in CPT tip resistance for later CPTs compared to 
the initial CPTs conducted between 5 and 7 days after 
completion of ground improvement. However, there appears 
to be a less significant difference between CPT conducted 



between 7 and 30 days compared to those conducted 
between 31 and 130 days.  

There appears to be an increase in CPT tip resistance in 
the sand stratum that could be due to aging. Comparing the 
8 day to 30 day CPT average tip resistance to the initial 5 
day to 7 day CPT tip resistance, the change in tip resistance 
ranges from -49 bars to +116 bars with an average increase 
of about 10 bars or 7% increase. Comparing the 31 day to 
130 day CPT average tip resistance to the initial 5 day to 7 
day CPT average tip resistance, the change in average tip 
resistance ranges from -24 bars to +89 bars with an average 
increase of about 17 bars or 11% increase.  
 

 
Figure 12: Annacis Secondary Area Post-Treatment CPT 
 

Ground improvement was also conducted in the Primary 
Treatment Area. For brevity, only final CPT averages are 
presented. CPTs were split into three groups, 22 to 36 days 
(8 CPTs), 40 to 65 days (9 CPTs) and 208 to 253 days (2 
CPTs) and are presented in Figure 13. 

Figure 13 appears to indicate a slight increase in CPT tip 
resistance in the sand stratum that could be due to aging. 
Comparing the 40 day to 65 day average CPT tip resistance 
to the initial 22 to 36 day average CPT tip resistance, the 
change in tip resistance ranges from -45 bars to +53 bars 
with an average increase of about 3 bars or 2% increase. 
Comparing the 208 day to 253 day average CPT tip 
resistance to the initial 22 to 36 day CPT, the change in tip 
resistance ranges from -51 bars to +66 bars with an average 
increase of about 10 bars or 7% increase. 

Below El 75 m, there is more scatter in the data, and the 
difference between various time periods is erratic with some 
of the later CPTs less than the earlier CPTs. The ground 
improvement contractor had difficulty in feeding stone to the 
vibroflot during densification of the deeper portion of the 
sand stratum and this may have resulted in erratic 
densification. Ignoring data below El. 75 m, comparing the 
40 day to 65 day average CPT tip resistance to the initial 22 

to 36 day average CPT tip resistance, the change in tip 
resistance ranges from -41 bars to +53 bars with an average 
increase of about 6 bars or 4% increase. Comparing the 208 
day to 253 day average CPT tip resistance to the initial 22 
to 36 day average CPT tip resistance, the change in tip 
resistance ranges from -51 bars to +43 bars with an average 
increase of about 7 bars or 5% increase. 

The selected CPT averages suggest that the aging 
may have some effect on CPT tip resistance in the sand 
stratum. However, both data sets show signification 
variations in CPT tip resistance in the sand stratum and the 
apparent increases are within the standard deviation of the 
data. Moreover, the 208 day to 253 average tip resistance 
data is likely less reliable due to the small sample size 
consisting of only two CPTs.  

 

 
Figure 13: Annacis Primary Area Post-Treatment CPT 

Langley WWTP Ground Improvement 
Methodology 

At Northwest Langley WWTP, the ground improvement 
and preload contract began in August 2012 and was 
completed by April 2013.  Over this period, approximately 
2,150 stone columns were installed over an area of 
approximately 12,300 m2. 

Prior to stone column installation, the existing random fill 
materials, organic topsoil and top of the soft clay/silt stratum 
were excavated to approximately 1 to 2 m depth to a nominal 
grade of El. 1 m. A 1 m thick working pad of compacted 
Fraser River sand fill was placed to raise the site grade to 
nominally El 2 m as a working pad for the vibro-replacement 
equipment.  



Ground improvement trials were conducted prior to the 
start of the production work. Twenty one to twenty nine stone 
columns were installed in each of six trial areas. Stone 
column spacings were 2.25 m, 2.54 m and 2.75 m on an 
equilateral triangular grid. A variety of compaction 
methodologies were used in the trial areas. A small amount 
of production stone columns were constructed at 2.25 m and 
2.54 m spacings pending results of testing in the trial areas.  

Stone columns in the production area (outside the trials) 
were generally installed on a 2.75 m equilateral triangle 
layout. The base of ground improvement elevation varied 
from El. -22 m to El. -28 m (24 m to 30 m depth from the 
working pad) as the base of the sand stratum was sloping 
downward from southeast to northwest. 

The stone columns were constructed using the top feed 
‘wet’ method as selected by the ground improvement 
contractor. Jetting was carried out using a combination of 
both compressed air and water; the proportions of 
compressed air and water in the jetting and compaction 
phases were adjusted by the operator. 
 

Langley CPT Results 
A total of 70 CPTs were conducted during densification trials 
and production work to confirm post-ground improvement 
penetration resistance at the Langley WWTP. However, 
similar to Annacis WWTP, the CPTs conducted in the trial 
areas are not particularly suitable for examining aging 
effects due to the limited number of initial tests conducted in 
each trial area and single CPTs at various periods after 
completion of ground improvement. 

The expansion area was preloaded for 6 months 
following completion of vibro-replacement and several CPTs 
were conducted after preload removal. In the Phase 1 
Upgrade treatment area, 14 pre-treatment CPTs were 
conducted, 22 post-treatment CPT were conducted in the 
production area with 2.75 m stone column spacing between 
25 to 45 days after completion of ground improvement, and 
8 CPTs were conducted after removal of the preload 425 to 
500 days after completion of ground improvement. 

A plot of pre-treatment CPT tip resistance from 14 CPT 
is presented in Figure 14.  Average CPT tip resistance, 
standard deviation and relative standard deviation (standard 
deviation / average) profiles are shown. As expected, the 
average CPT tip resistance generally increases with depth 
due to stress level effects. The standard deviation of the 
CPT tip resistance varies from about 10 to 40 bars and the 
relative standard deviation from about 5% to 30%. As 
discussed previously, silt and clay lenses with >20% 
apparent fines content have been removed from the CPT 
data set to simplify the interpretation. Note that the portion 
of sand layer above El. -12 m generally has 10% to 20% 
fines content while the sand below E. -12 m generally has 
<10% fines content with an average of about 7%. 

 

 
Figure 14: Langley Pre-Treatment CPTs 
 

A plot of post-treatment CPT tip resistances from 22 CPT 
is presented in Figure 15. CPTs were conducted between 
22 days and 45 days after completion of ground 
improvement. Average CPT tip resistance, standard 
deviation and relative standard deviation profiles are shown. 
The post-treatment CPT tip resistance data shows 
considerably more scatter in the data than the pre-treatment 
data, and the post-treatment standard deviation is about 
33% to 50% higher than pre-treatment. However, the 
relative standard deviation of the post-treatment data is 
similar to the post-treatment data above El. -20 m. Some 
local zones of CPT tip resistance in an individual CPT profile 
are no higher than the pre-treatment values. This may be 
due to variations in the stone column construction process 
or gaps in compaction. The contractor had difficulty in 
consistently feeding crushed stone to the vibroflot for 
elevations below El. -20 m in the trials and initial production 
area work. In most of the production work, the sand below 
El. -20 m was compacted by vibroflotation without the 
addition of crushed stone. 

 
 



 
Figure 15: Langley Post-Treatment CPTs 
 

After ground improvement was complete, the area was 
preloaded and surcharged to El. 10.6 m (8.6 m above 
ground improvement construction grade) for approximately 
6 months and CPTs were conducted after preload removal. 
A plot of post-preload removal CPT tip resistance for 8 CPT 
for the production ground improvement area at 2.75 m stone 
column spacing is presented in Figure 16. Additional CPTs 
were conducted in the trial areas and limited production 
areas completed a closer stone column spacings, but these 
were omitted in Figure 16 due to limited testing for 
comparison of potential ageing effects. Post-preload CPTs 
were conducted between 425 days and 500 days after 
completion of ground improvement. Average CPT tip 
resistance, standard deviation and relative standard 
deviation profiles are shown. Post-preload CPTs generally 
have a higher standard deviation than the post-treatment 
CPTs, possibly due to the limited number of post-preload 
tests. 
 

 
Figure 16: Langley Post-Preload Removal CPTs 
 

Figure 17 presents a summary of the average pre-vibro, 
post-vibro and post-preload removal CPT tip resistance 
profiles.  

There appears to be an increase in average CPT tip 
resistance in the sand stratum down to El. -18 m that could 
be due to preloading and/or aging. The change in tip 
resistance to El. -18 m ranges from -14 bars to +58 bars with 
an average increase of about 33 bars, or 25%  increase from 
the post-densification average tip resistance. Below 
El. -18 m, the difference between post-densification CPT tip 
resistance and the post preload CPT tip resistance is erratic. 
The ground improvement contractor had difficulty in feeding 
stone to the vibroflot during densification of the deeper 
portion of the sand stratum and this may have resulted in 
erratic densification. The CPT average tip resistance for the 
post-densification and post-preload data suggest that the 
combined aging and preloading effects have a significant 
effect on CPT tip resistance in the sand stratum. However, 
many of the post-preload CPTs have high tip resistances, 
which may be due to deviation of the cone from vertical 
resulting in the cone penetrating in close proximity to a stone 
column.  

An analysis that excluded all CPTs with high tip 
resistance zones (as opposed to excluding just the high tip 
resistance zones as presented in this paper) for both post-
vibro and post-preload data sets indicated no significant 
change in average CPT tip resistance. However,  when 
using this method the number of CPT in the data set is 
substantially reduced by approximately 50% and the data 
set may become too small to provide accurate sampling. 



Thus, the method of data interpretation for the Langley 
WWTP ground improvement appears to have a significant 
effect on the evaluation of preload and ageing effects.  

On the other hand, at Annacis WWTP, both methods 
(excluding all CPTs with high tip resistance or excluding just 
the high tip resistance zones) produced similar results.  
Excluding all CPTs with high tip resistance, 17 out 41 CPT,  
showed 12% and 11% increases in average tip resistance 
at 8 day to 30 day and 31 day to 130 day time periods 
respectively. Excluding only high tip resistance zones 
showed 7% and 11% increases for the same time periods.  
Thus, in contrast to Langley WWTP, the method of data 
interpretation for the Annacis WWTP appears to have less 
effect on the evaluation of ageing effects. 

A limited number of CPTs conducted in the Langley trial 
areas and production ground improvement work to evaluate 
potential aging effects indicated no discernable increase in 
CPT tip resistance (within the scatter of the data) for time 
intervals of 3 days to 30 days after completion of vibro-
replacement.  

During the vibro-replacement work at the International 
Terminal Building (ITB) at Vancouver International Airport in 
the early 1990, some areas failed to meet the specification, 
but remediation work could not be completed prior to 
preloading. The area was preloaded with 13 m of sand fill 
for 9 months and a limited number of CPTs were conducted 
in the areas that had failed to meet the specification. These 
CPTs still failed to meet the specification and showed no 
discernable increase in tip resistance (within the scatter of 
the post-vibro data) due to ageing or preloading. The YVR 
observation is contrary to that observed at Langley, hence 
the importance of site specific experience. 

 

 
Figure 17: Langley Post-Vibro and Post-Preload Removal 
CPTs 

CPT Deflection 
Some CPTs have tip resistances that are much greater than 
the others for a portion of the profile, which may be due to 
the close proximity of the cone to an adjacent stone column. 
The locations of the tops of the stone columns were 
generally visible when setting out the CPTs, so the initial 
CPT locations were in the centroid of the adjacent stone 
columns. However, visual observations during the ground 
improvement program indicate that some of the stone 
columns deviated from vertical during initial jetting to the 
treatment depth and during compaction. The cone may also 
deviate from vertical during penetration. The deviation from 
vertical was recorded in each of the Langley post-preload 
CPTs. The cone deviation from vertical varied from 0.38 m 
to 2.96 m and exceeded 2 m over the nominal 27 m depth 
on 8 of the 16 Langley CPTs.  

At Annacis, the cone deviation from vertical varied from 
0.22 m to 5.23 m and exceeded 2 m over the nominal 32 m 
depth on 11 of 27 of the Annacis 2014 Trial Area CPTs.  A 
plot of post-vibro CPT deflection vs depth is presented in 
Figure 18. 

 

 
Figure 18: Annacis 2014 trial area CPT tip deflection 

 
The effects of cone deviation from vertical are shown in 

Figure 19, which illustrates the nominal 1 m diameter vibro-
replacement stone columns with production stone columns 
installed on a 2.75 m spacing equilateral triangular grid. The 
CPT is located in the centroid of the stone column grid and 
circles with 1.0, 1.5, 2, 2.5 and 3.0 m radii from the centroid 
illustrate the effects of lateral CPT deviation from vertical. 
Figure 17 indicates that the cone with a deviation of about 1 
m from vertical could encounter a stone column (assuming 
the stone columns are vertical) and could extend into the 
adjacent stone column centroid with a deviation of about 2 
m. Note that the larger cone deviations from vertical often, 
but not necessarily, correlate to CPTs with anomalous high 



penetration resistance, as the CPT can pass between the 
stone columns in the densified soil. 

Since CPT deflection may result in highly variable or 
unreliable CPT tip resistances, during the Annacis 
production work the majority of post-treatment CPT were 
pre-drilled for the first 6 m through existing fill, to limit cone 
deflections at depth.  Pre-drilling to 6 m prior to pushing the 
CPT appear to be reasonably successful in maintaining the 
CPT tip within the limits of the three surrounding columns 
(eg less than about 1 m deflection).  

 

 
Figure 19: Effects of CPT deviation from vertical 

Discussion 
Published geotechnical literature contains many papers on 
the mechanisms and effects of aging on geotechnical 
properties of freshly deposited sand and sand deposits 
densified by blasting, dynamic compaction (DC), vibro-
flotation and vibro-replacement. Mitchell (2008) prepared a 
state-of-the-art and practice paper on aging effects in 
natural deposits of clean sand following densification. He 
concluded that “aging effects are ubiquitous among freshly 
deposited and/or densified deposits of silica sands.” He 
further concluded “Although in most cases the penetration 
resistance shows significant increases with time after 
disturbance and densification, a few cases have been cited 
where there was no significant increase. Most of these 
appear to be related to zones where the ground treatment 
has caused local loosening; e.g., by blasting or DC 
cratering.” Mitchell’s final conclusion was “Until more reliable 
methods for predicting the magnitude and rate of property 
improvement are available, site-specific determinations 
should still be used for assessment of the time-dependent 
aging effects for use in engineering practice.” 

This paper presents data from a large number of CPTs 
conducted after vibro-replacement ground improvement by 
the top-feed wet method at two sites in an attempt to quantify 
the ageing effects as this method of vibro-replacement 
densification is commonly used in the Fraser River fine sand 
deposits. The available post-vibro and post-preload CPT 
data indicate that while increases in CPT resistance appear 
to occur within the first week or so, only minor increases in 
CPT resistance may occur in the sand stratum due to longer-

term aging or preloading. However, the potential aging 
increases appear to be within the scatter of the CPT data 
and likely depend on the method of interpretation of such 
data. Deviation of the CPT from vertical likely accounts for 
at least a portion of the significant variations in CPT data and 
this effect should be considered in the interpretation of the 
post-vibro data. Predrilling of the upper portion of the soils 
profile may reduce the CPT deviations from vertical. 

Ageing effects may differ for other forms of vibro-
replacement, such as the dry bottom feed vibro-replacement 
technique, and other types of ground improvement such as 
dynamic compaction and blast densification. Assessment of 
site specific and technique specific relationships for ageing 
of ground improvement projects is recommended. However, 
the evaluation of ageing effects requires significant delays 
in the acceptance of ground improvement work and this may 
be feasible only on large projects requiring several months 
to complete. The current local practice of performing 
compliance CPT testing 3 to 7 days after completion of 
vibro-replacement seems adequate to capture most of the 
short-term ageing effects and avoids unnecessary delays in 
acceptance of the work.  

Liquefaction assessments for Fraser River sand should 
be based on measured fines content rather than apparent 
fines contents from CPTs as the currently available 
interpretation methods do not provide a good agreement 
with measured fines contents. 

Ground improvement developed for future expansions of 
the Annacis or Northwest Langley WWTPs, or other 
developments in similar soil conditions, should consider the 
CPT resistance profile that was achieved by previous vibro-
replacement. Vibro-replacement at the Annacis WWTP site 
produced higher average CPT tip resistance profiles at 
greater compaction point spacing than the Langley WWTP 
site due to the lower fines content of the Fraser River fine 
sand at Annacis. It may be prudent to exclude aging and 
preload effects from ground improvement design and 
construction specifications.  
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