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ABSTRACT

Ground improvement contractors are commonly required to meet a performance criterion in terms of a
minimum achieved SPT N-value or cone tip resistance. Where silts and silty sands are encountered, the
assessment of compliance with such a performance specification frequently becomes contentious. This
paper describes the results of seismic cone penctration tests and cone pressuremeter tests carried out at a
site in the silts and sands of the Fraser River Delta before and after ground improvement. The effect of the
ground modification on tip resistance, pore pressure response, shear wave velocity, and the characteristics
of the pressuremeter curves will be compared and discussed. Observations of the implications of the

results for the specification and control of ground improvement are made.

Kewords: ground improvement, liquefaction, pressuremeter, siesmic piezo-cone

INTRODUCTION

In the sands and silts of the Fraser River delta, potentially large ground movements may occur due to pore
pressure generation, liquefaction and pore pressure redistribution during and after seismic shaking. The
potential for large ground movements can be reduced in the near-surface materials by vibratory
compaction of granular deposits and reinforcement of silts and clays. This paper presents the results of
seismic piezo-cone and full-displacement pressuremeter testing in sands and silts typical of the Fraser
Delta which have been improved by vibro-replacement (stone columns). These results are used to
illustrate important issues in the us¢ of penetration testing for quality control and quality assurance of

ground improvement and to examine the potential benefits of the use of the cone pressuremeter for this

purpose.
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Soil conditions in the Fraser River Delta typically consist of generally fine-grained overbank, floodplain
and intertidal clayey silts overlying Fraser River sands, which in turn overlie marine foreslope deposits,
consisting of loose to compact silty sands interbedded with soft to firm grey clayey silt (1). The deep
sands and silts are of prodelta, marine and glaciomarine origin and in places exceed 200m in thickness.
Fraser River Sand is a fine uniform sand. Based on its depositional history, it can be expected to contain

zones with variable amounts of fines and lenses of silt.

LIQUEFACTION ASSESSMENT

The conventional approach to liquefaction assessment in the Lower Mainland of British Columbia is
based on in situ testing. This paper will address the use of piezo-cone penetration testing (CPTU) and
shear wave velocity measurement. For critical facilities, undisturbed sampling is attempted and the

samples are subjected to cyclic triaxial or cyclic simple shear tests.

Based on CPTU Testing
Figure 1 shows the chart recommended by the US National Committee on Earthquake Engineering
Research (NCEER)?2) for use in the Seed Simplified Method approach to liquefaction assessment. The
chart includes a boundary (a resistance curve) between combinations of Cyclic Stress Ratio (CSR) and
normalized penctration resistance, qan, which are likely to result in liquefaction from those for which
liquefaction is unlikely. The normalized values refer to the measured penetration resistance corrected to a
consistent stress level. The recommended equation is:

Qan = (G/p)*(pJ/0)"?
where o, is the vertical effective overburden stress and p, is one atmosphere (100 kPa). Disturbed
samples for determinations of fines content (percent passing the #200 sieve) are obtained cither by SPT
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testing or off solid flight augers.

For an increasing presence of fines, the tip resistance at a given density decreases. This may be because of
an increase in compressibility of the sands or because the decreased permeability results in only partial
drainage, i.c. the generation of excess pore pressures during penetration. The liquefaction resistance of a
soil at a given density may also be affected by the presence of fines. These two phenomena are
recognized in the liquefaction resistance chart by setting reduced resistance curves for elevated fines
contents. NCEER recommends that CPT criteria should not be used for assessment of liquefaction
resistance for soils with apparent fines contents greater than about 30 %. Above this level liquefaction

assessment should be based on other approaches such as the “Chinese Criterion™(4).

Based on Shear Wave Velocity Measurement
Shear wave velocity, V;, is also used as an indicator of liquefaction susceptibility. Research has indicated
that the shear wave velocity is a function of the void ratio, the effective stresses in the direction of
propagation and of particle motion during the passage of a shear wave, the stress history and the age of the
deposit. Again, the measured value of V, should be corrected to a consistent stress level to allow valid
comparison between sites. The normalized shear wave velocity is given by the expression:

(V)i = Vs (pa/0,))"
where p, and ©,” are as before. Based on observation of sites at which liquefaction has been observed, the

relationship shown in Figure 2 has been adopted to permit liquefaction assessment of sands.

Tt can be seen that variations in fines content do not have a large effect on the boundary between resistance

curves. However, there is little information on the variation of V, in soils with very high silt contents.
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QUALITY CONTROL OF GROUND IMPROVEMENT

Cohesionless soils are densified most effectively by vibratory means. For in place densification of loose
sands in the soils of the Fraser Delta, the most common methods of ground improvement are Deep
Dynamic Compaction (DDC) and Vibro-replacement (stone-columns). In the former, compactive energy
is applied to the ground by successive blows of a large mass dropped by a crane in a controlied pattern. In
the latter, a vibrating rod is inserted into the ground and coupling between the vibrator and the
surrounding ground results in the soil being vibrated into a denser packing. Stone is introduced into the
hole which improves coupling between the probe and the soil and allows probes to be placed at larger
spacings than if densification was by vibration alone. The stone columns provide an additional benefit by
acting as zones of higher permeability for dissipation of any pore pressures created by seismic shaking.
The degree of densification achieved depends on the ievel of energy applied and the pattern and

sequencing of its application.

As the proportion of fines in the soil increases, the effectiveness of vibratory compaction becomes lower.
Increasing fines content reduces the permeability of the soil being treated. This restricts drainage and
makes it more difficult to force the soil particles into a denser packing. When high pore pressures are
generated or liquefaction occurs in the soil adjacent to the soil being vibrated, the transmission of
additiona! vibration to the surrounding soil is severely attenuated. The radius of influence of the process
is thus greatly reduced and the procedures followed must be adjusted. The spacing of the probe or drop
locations must be reduced and the treatment must be sequenced to allow time for dissipation of excess
pore pressures before further compactive effort is applied. The presence of increased fines content also
affects the assessment of the degree of improvement achieved. It is generally recognized that the level of
improvement achievable by vibration in silts and clays is difficult to assess and other forms of
improvement are more appropriate. In these soils, improvement of the resistance of the soil to seismic
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shaking can be achieved by considering the reinforcing action provided by the presence of stone columns.

Specifications for ground improvement are typically written in terms of the achievement of a reguired
performance. For non-seismic design, the required performance may be a maximum allowable settlement
at working load and this may be assessed by the performance of a load test at the completion of the
contract. Pressuremeter testing has commonly been used for the assessment of improvement by DDC.
Indeed, Debats et al. (5) argue that the pressuremeter used in accordance with the Menard rules, is the
optimum method for assessment of ground improvement, particularly in soils with fines, as the results are
more sensitive to stress history than are the results of CPTU testing and shear wave velocity
measurements. However, for improvement against liquefaction, there is little guidance as to the
relationship between the results of the static pressuremeter test and the response of the soil to cyclic

loading. Cyclic pressuremeter testing may offer some insight but this development is still in the research

phase.

For design against liquefaction, the required performance is often a minimum value of (gc)iv based on
Figure 1. With the increased use of V, for liquefaction assessment, a threshold V,; could be specified

based on Figure 2.

The remainder of this paper presents and discusses results of CPTU testing, shear wave velocity

measurements and fuli-displacement pressuremeter testing before and after vibro-replacement at a Fraser

Delta site.
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CASE HISTORY

The site in question was situated in the Fraser River Delta and was to be developed with a 12 storey tower
surrounded by a 4 storey parkade. The soil conditions consisted of fill at the surface over soft clayey silt
to about 3 m below ground. The clayey silt graded into sandy silt to silty sand and at about 6 to 7 m,
medium dense sand was encountered. Below about 12.5 m depth, increasingly frequent silt lenses
occurred with depth. The recommended foundation treatment consisted of placement of fill to act as a
working platform followed by ground improvement to create a zone of improved soil below and around
the foundations of the structure to limit the potential for large ground movements due to liquefaction of
the sands and cohesionless silts, and to improve the resistance to cyclic loading of the surficial silts and

clays around the piles. The surficial silts were not removed.

The contractor elected to carry out vibro-replécemcnt using a triangular grid with stone columns spaced at
3 m centres. The ground improvement was to achieve a g value of 10 MPa in clean sand. Reduced
criteria for sands with elevated fines content were 8 MPa in sands with between 15 and 25% fines and 5

MPa for 24% to 35% fines. The testing was 1o be carried out at the centroid of the triangles of stone

columns.

In Situ Testing

The field work reported in this paper was carried out scparately from the contract in situ testing and was
designed to investigate whether a Seismic Cone Pressuremeter (SCPM) would provide additional
information for quality control of vibro-replacement over the more standard cone penetration testing. The
ground improvement work was already under way when the research was initiated and so the “before™
data were obtained in an area just off site which had not experienced the stripping and grade fill placement
which was undertaken prior to ground treatment on the site proper. The “afler” testing was carried out
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about 15 metres away in a zone where vibro-replacement had been carried out to 10 m below original
grade. The testing at each location consisted of a seismic piezo-cone sounding (SCPT) using a standard
35.7 mm cone followed by a 74 mm diameter full-displacement pressureﬁeter (FDPM) test in the same
hole. The FDPM testing was carried out by pushing the UBC Self-Boring Pressuremeter (SBPM) behind
a conical tip of the same diameter as the SBPM. The pressuremeter expansion test is thus not strictly
comparable to a cone pressuremeter test as considerable time elapsed between the SCPT sounding and the
pressuremeter test. However, as the same procedure was used before and after improvement, the results
shouid be comparable. The equipment and procedures followed for the seismic CPT testing are as
described in Robertson et al.(5). Hammer blows on the ends of a beam supporting the truck were used to

generate shear waves.

The UBC SBPM is 74 mm in diameter and the expansion section has a length to diameter ratio of about 6.
It is a monocell probe with displacement of the membrane ﬁeasurcd using six strain arms located at mid-
height of the expanding section. The tests were carried out by inflating the membrane at a constant rate to
3% strain, holding the pressure constant for 5 minutes, and then carrying out unload-reload loops before
increasing the pressure further. In some cases additional unload-reload loops were carried out at hi gher

strain levels prior to unloading.
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Results

Effect of Ground Improvement on Cone Penetration Test Results

Figure 3 shows an overlay of the before and after CPTU logs. The “after” tests were carried out about 3
months after vibro-replacement. The effect of the ground treatment in the sand below about 6 m is readily
apparent with the tip resistance having increased by up to 117%. The friction value has also increased and
the pore pressure response in the upper sand has become more strongly negative indicating a more
strongly dilating sand. The negative pore pressure response couid be interpreted to mean that there is
elevated silt content in the zone between about 4.5 m and 6 m below ground but the level of improvement

achieved suggests that the soil is reasonably clean.

The level of improvement in the clayey silt from 1 to 3 m, indicated by comparison of q. values before
and afier treatment, is inconclusive but there éppears to have been an increase in friction values. Figure 4
shows the cone profile at an enlarged scale to allow comparison of the effect of the ground treatment on
the soft silt. There has been an increase in the tip resistance and an apparent doubling of sleeve friction
suggesting that the treatment has been effective in increasing the strength of the silt but the difference n
readings is close to the resolution of the instrument. The pore pressure response before treatment
indicated rapid variation in the dilation characteristics of the soil, likely a result of interbedding of silts,
sands and silty sands. The post-treatment response is more consistently positive suggesting that one effect

of the ground treatment has been to mix the layers although this may reflect site variability.

Effect of Ground Improvement on Shear Wave Velocity
Figure 5 shows the values of V, measured before and after vibro-replacement. Again, there is a clear
increase in V, in the sands but the increase in the silts is less clear-cut. This may be because clayey silts

require a much longer time interval than the sands to recover from the effects of the remoulding
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experienced during ground treatment.

Effect of Ground Improvement on Pressuremeter Curves

Figures 6 and 7 present the results of PM tests before and after ground treatment in the sands and clayey
silts, respectively. It proved impossible to push the pressuremeter unit deeper than 5.5 m, about 1.2 m into
the densified sand and at this depth it was not possible to inflate the pressuremeter past a cavity strain of
about 3% due to the limitations of the pressure system. The measured lift-off pressure has increased from
about 140 to 220 kPa - an increase in effective lateral stress from about 70 to 170 kPa or an increase of
about 142%. The slope of the initial part of the expansion curve during the initial phase of expansion is
much steeper after improvement (7 MPa versus 4 MPa) and the slope of the unload-reload loops has

increased from an equivalent shear modulus of about 33 MPa to 44 MPa.

In the silts, the lifti-off pressures have increased. There was no pore pressure measurement adjacent to the
membrane so the proportion of the lift-off pressure made up of pore pressure is unknown. There has also
been an increase in the maximum pressure attained and the distance between the expansion curve and the
contraction curve. This distance varies with shear strength in SBPM tests (7) and is assumed to be an
indicator of shear strength in these tests. It appears that there has been an increase in shear strength due to
the vibro-replacement. The unload-reload stiffnesses have also increased from 1.1 and 1.4 MPato 1.8 and

2.0MPa.
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DISCUSSION
All methods of assessment are indicating considerable improvement in the sands. The CPTU and the

FDPM are indicating improvement in the clayey silts but the shear wave velocity does not show any

conclusive improvement.

If the sole performance criterion is based on the cyclic resistance curves in Figure 1, then satisfactory
performance has been achieved in the sands as the tip resistances now plot to the right of the Resistance
Curves for the design CSR. The changes in the cyclic resistance of the clayey silts after improvement are
unknown although the undrained shear strength appears to have increased. This is indicated by both the
CPTU and the FDPM. The FDPM also indicates an increase in stiffness of the clayey silt and the
interpretation of the CPTU indicates an increased level of OCR. The differences in measured CPTU

values are, however, close to the resolution of the instrument and so must be interpreted with caution.

Use of Figure 1 alone ignores the effect of stress-strain history on the soil being analyzed. Ground
improvement changes the density, but also the stress regime and the stress history of the deposit.
Interpretation of in situ testing results should also consider stress level and stress history effects. By
measuring the degree of improvement by three different tests in the same hole, further insight can be

gained concerning the effects of the ground improvement.

For example, chamber test data (8, 9) have indicated that the CPT tip resistance is a function of both
density and stress level, with the lateral stress being dominant. For example, the relationship between Dr,
o’ and q. for chamber tests on unaged Ticino Sand is given by (10) to be :
Ge = 248 6" exp[2.38D,]
This relationship is commonly used to represent the relationship between D; and g. for moderately
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compressible sands when interpreting CPTU data in normally consolidated unaged sands.

V, has also been found to vary with density (or void ratio) and stress level. Chillarige et al. (11) give the
following relationship for V; in Fraser River Sand based on a laboratory test program:

V. =(295-143¢)( 0.’ /p) **(Ko)* '
where e is void ratio, p, is as before, and K, is the ratio of horizontal to lateral effective stress. As K%
varies from 0.89 to 1.1 for 0.4<K,<3.0, K, has little effect on V,. Again, aging effects are not considered.
Based on these equations, V, should depend on &,” and oy’ to the power 0.125 and q. on &%
Manipulation of these equations using representative values of €max , emin and K, allows exploration of the
likely effects of densification on tip resistance and V, . Aging effects known to be important in the

assessment of ground improvement have not been considered.

Field testing indicated that the initial . and V, values at a depth of about 8.5 m were about 11 MPa and
175 m/s respectively and became about 20 MPa and about 200 m/s after ground improvement. Using
conventional interpretation procedures based on tip resistance (i.c. ignoring K,), this would represent an
increase in Dr from about 70% to 98%. It can be shown, however, that the after treatment values of tip

resistance and V; can also be attained by an increase in Ko from 0.45 to 1.4 and no increase in D;.

The FDPM test carried out at about 5 m depth suggests that the lateral stress increased by about 1.4 times
after ground improvement and so much of the increase in observed tip resistance is likely due to increased
stress level. Again, it should be noted that the important issue of aging of the sand has not been included.
In fact, both g, and V, have been observed to decrease in sands when measured soon after ground

treatment and to then show an increase with time after treatment (12). This aspect of the response of soils
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to densification is poorly understood and requires further research.

The above discussion suggests that both the density and the stress regime has been changed by ground
treatment. For design of foundations to be supported in or on the improved ground, the stress deformation
characteristics under both static and cyclic loading conditions will govern the anticipated soil-structure
interaction. Tt therefore makes more sense to write a ground improvement technical specification in terms
of achieved stiffness and strength with due consideration of the required performance of the proposed
structure. Jamiolkowski and Pasqualini (13) have indicated that the degree of overconsolidation has much
more effect on the stiffness of the soil than any increase in density. Neither the CPTU nor V;
measurement give reliable stiffness information for foundation design, because the effect of the ambient
lateral stress on the former cannot be assessed and the latter allows calculation of only a small strain
stiffness. The stiffness at larger strain levels will be considerably affected by the stress-strain history
imparted by the densification method used. The pressuremeter expansion curve provides a measured load-
deformation curve for the treated soil and, as noted by Debats (5), foundation design using the results of
Menard pressuremeter testing has proved effective on sites which have been improved. Methods of the

stress-strain behaviour of improved ground under cyclic loading are less well -developed.

CONCLUSION
Liquefaction assessment, the need for ground improvement and the quality control and assurance of the
ground treatment are conventionally based on the interpretation of penetration testing. More recently

shear wave velocities have also been used.

For design against liquefaction, the amount and type of fines have an effect on both the parameters
measured, such as penetration resistance, and on the susceptibility of the soils to contract under cyclic
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loading and to generate excess pore pressure. The combined effects have been incorporated into the
Cyclic Resistance Curves used for liquefaction assessment but the effects are different and should be
considered separately. Fines also have an effect on the degree of improvement attainable by vibratory

methods of densification and on the ability of in situ testing to detect such improvement..

The importance of considering the effects of both increases in density and of lateral stress when
interpreting in situ test results for the assessment of ground improvement has been illustrated. The
additional information provided by a combination of tests and, in particular, the Cone Pressuremeter is
likely to improve our understanding of the changes in soil behaviour achieved by ground treatment.
Consideration should be given to writing technical specifications for ground treatment in terms of the
desired improvement in stress-deformation behaviour of the seil and the method of quality control
selected should provide an assessment of such behaviour. Again, the Cone Pressuremeter or other

combinations of penetration testing and pressuremeter testing should prove beneficial.

Further research is required into the assessment of the behaviour under cyclic loading of fine grained soils
and particularly silts which fail the Chinese Criterion of liquefaction assessment. Although vibro-
replacement appears to be capable of increasing the strength and stiffness of such soils as indicated by the
results of FDPM testing and CPTU testing, the degree of improvement attained and its influence on the

cyclic resistance of silts requires further research.
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Figure 5: Comparison of V¢ Measurements Before and After Vibro-Replacement
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Figure 6: Pre- and Post-Densification Pressuremeter Test in Sand
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