CPT in glacial soils after deep excavation
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ABSTRACT: A 35-m high bluff along the shoreline of Lake Michigan was cut for
construction of a large energy facility. Following the excavation, cone penetration
tests (CPT) were performed in both the excavated area, as well as in the shoreline
area between the bluff and the lake. For the underlying glacial soils in the excavated
area, empirical correlations were applied to the CPT measurements to estimate the
preconsolidation pressure, which is then compared with the calculated overburden
pressure before excavation. In the glacial soil deposits, the CPT tests were found es-
pecially helpful in detecting seams of geomaterial that may be missed by other tests.

1 INTRODUCTION

A large energy facility was constructed along the shoreline of Lake Michigan in the
State of Wisconsin. Before construction, this site was a steep bluff close to the shore-
line of the lake, as shown in Figure 1a. The base of the bluff is at an elevation of
about 180 m above mean sea level (MSL). The topography of the plateau is relatively
flat to rolling with elevations generally ranging from about 210 m to 220 m above
MSL. In order to utilize the lake water, the energy facility needed to be placed near
the water level in the lake. Therefore, in an area of about 550 m x 350 m, approx-
imately 35 m of the bluff was cut during construction to achieve the final grade close
to the bluff base level at the site. Presented in Figure 1b is an aerial photo of the ex-
cavated area during construction.

Although the excavated area would accommodate most of the structures for the ener-
gy facility, some structures, including the chimney, would be erected near the shore
in an area between the lake and the excavated area (Figure 1). The topography of the
shoreline area is relatively flat with elevations generally ranging around 180 m above
mean sea level (MSL).

Above bedrock, this site consists of vast quantities of glacial material due to multiple
glacial incursions in the area. These glacial deposits are typically either well sorted
water-laid deposits such as sand and gravel or poorly sorted ice-laid till deposits con-



sisting of clay, silt, sand, gravel and boulders (Olcott, 1992). Since glacial soil depo-
sits usually contain inter-bedded layers of fine and coarse grained materials, the cone
penetration tests (CPT) can be especially helpful in providing a continuous soil pro-
file and detecting seams of geomaterials that may be missed by other tests.

(@) (b)
Figure 1. Construction site along the shoreline of Lake Michigan: (a) before excavation; (b) during
construction.

2 EXCAVATED AREA

Subsurface investigation was performed in this area following a substantial amount of
excavation to lower the ground surface to the proposed final grade elevation. The
subsurface investigation consisted of cone penetration tests (CPT), standard penetra-
tion tests (SPT), suspension P-S velocity logging, and laboratory tests on selected soil
samples. The groundwater table is at the ground surface after excavation.

2.1 Test Results

Presented in Figure 2 are the typical results from a CPT sounding performed in the
excavated area. In the depth range from 1.5 m to 5 m, the tip resistance gr and sleeve
friction fs are relatively high, and the measured porewater pressure u, is close to static
water pressure Ug, indicating a quite clean sand layer. Although fluctuating CPT mea-
surements were observed in the depth range from 5 m to 15 m, it can be seen that
most of the soils are clay with seams of sandy material, based on the readings of gr
and u,. Below 15 m in depth, two clay layers can be delineated with their boundary at
about 20.4 m in depth. The unusually high gr and u, measurement in the lower clay
layer suggests it is very hard clay.

Figure 3 presents the blow counts Ngo of four SPT borings performed within a dis-
tance of 50 m from the CPT sounding, along with selected lab test results (i.e., Atter-
berg Limits and fines content) for the soil samples from the excavated area. Based on
the collected soil samples, most of the soils above 4 m in depth are sand, which is un-
derlain by thick deposit of clay. The sand layer has SPT N-value around 15 and fines
content around 10%. In the clay layer, the fines content is about 90%, and its SPT N-
value generally increases with depth. The water content of the clay samples ranges
from 10% to 20%, which is approximately in the same range of their plastic limit.



The liquid limit for the clay sample is in the range between 20% and 35%. Based on
the unified soil classification system (USCS), the clay at this site can be classified as
CL (Inorganic clays of low to medium plasticity).
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Figure 2. Typical CPT results in excavated area
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Figure 3. Other test results in excavated area

Figure 3 also shows the shear wave velocity Vs measured in the excavated area by
both downhole P-S logging and a seismic cone penetration test (SCPT). Measure-
ments from the two tests agree well except in the depth range from 10 mto 17 m. The
significantly higher value of V; at depth 23.5 m confirms the existence of a very hard
clay layer interpreted from the CPT sounding shown in Figure 2.



2.2 Correlation Between CPT and SPT

The SPT Ngo-value can be estimated from the CPT tip resistance using empirical cor-
relations. The ratio of CPT tip resistance gt and SPT N-value can be expressed as a
function of the mean grain size Dso (Kulhawy & Mayne, 1990):

(dr / P.)/ Ny =5.44Dg," (1)
where p, is atmospheric pressure, gr and p, have the same units, and Ds is in mm.

Based on lab test results on the collected soil samples, the sand and clay soils from
different depth are similar in terms of grain size distribution, with the average mean
grain size Ds for the sand and clay soils being 0.2 mm and 0.006 mm, respectively.
Thus, the CPT tip resistance qr can be correlated from Ngo using equation (1), as
shown in Figure 4a. Comparison shows that the correlated gr is quite consistent with
the measured value in the clay layers, but they appear to be lower than the measured
value in the depth range in the top 7 m, which primarily consists of sand.
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Figure 4. Presentation of empirical correlations based on CPT results in the excavated area: (a) Com-
parison of measured and correlated CPT tip resistance; (b) Soil type index; (c) Comparison of meas-
ured and correlated SPT N-value.

The SPT Ng value can also be estimated from CPT tip resistance using the following
correlation suggested by Jefferies & Davies (1993):

0; / Ny =0.85(L—1,/4.75) 2
where gr is in MPa, and I. is the soil behavior type index which can be derived from
the CPT measurements (Jefferies & Davies, 1993). The I values computed from the



typical CPT sounding (Figure 2) are shown in Figure 4. The I. value is generally in
the range from 2 to 2.2 in the top sand layer. In the depth range from 5 m to 15 m, the
I value fluctuates with an approximate average of 2.5. The clay layers below depth
of 15 m have an I; value between 2.6 and 3.0. The I; value for the soil layers are con-
sistent with those suggested by Jefferies & Davies (1993) for different soil types.
With the I; value, the SPT N-value can be correlated from the measured gr as shown
in Figure 4c. The correlated Ngo value agrees well with the measured value in the top
sand layer. However, in the clay layers below depth 5 m, the correlated Ngo value
seems to be considerably lower than the measured values.

2.3 Preconsolidation Stress

The excavation at this site significantly changed the overburden stress of the underly-
ing soils, which provides an opportunity to evaluate the various correlations to esti-
mate the preconsolidation stress o,’. Methods of estimating c,’ in clay from CPT
measurements have been presented by a number of researchers (e.g., Schmertmann,
1978; Robertson, 1990). Some of the recently proposed methods are as follows (De-
mers & Leroueil, 2002; Chen & Mayne, 1996; Mayne, 2005):

0,'=0.33(d; —0o,) 3
o,'=0.40(u, —U,) (4)
UpIZO-GO(qT —u,) (%)

The o, derived from the different expressions is separately plotted versus depth in
Figure 5a, b, and c, and are compared with the removed overburden stress after exca-
vation. It can be seen that the o,’ values estimated using the three expressions all de-
viate from the calculated overburden stress to some extent. One possible reason is
that the onsite soils consist of fissured clay, which the three expressions are known
not to apply to. In addition, the soil might have experienced unknown stress history,
besides the overburden removal during excavation.

The overconsolidation ratio for sand can be estimated from the following expression
(Mayne, 2005):

1

0.22 (sin¢'—0.27)

OCR — 0'192(qT /Gatm) — (6)
AL=Sing)(00' [ Tum)”

Where ¢’ is the effective stress friction angle of the sand, and oam IS atmosphere

pressure. Taking ¢’ = 40°, Figure 5d shows overconsolidaton pressure derived using

the above expression. As can be seen, the estimated c,,” agrees well with the removed
overburden pressure.

atm

Mayne (2005) also suggested evaluating o,” from small-strain stiffness Go:
o,'=0.1010,, "G, "5, """ ©)
Assuming the unit weight y = 17.5 kN/m? for onsite soil, G, can be derived from the

shear wave velocity Vs measured by P-S logging (i.e., Go = (v/g) V). The op’ esti-
mated from above expression is compared with the removed overburden pressure in



Figure 5e. Except in the top 3 m, the difference between estimated ,” and oy’ is less
than 0.5c;’.
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Figure 5. Evaluation of preconsolidation pressure of soils in the excavated area: (a) Clay - Equation 3;
(b) Clay - Equation 4; (c) Clay - Equation 5; (d) Sand - Equation 6; (e) Mixed soils - Equation 7.

3 SHORELINE AREA

Figure 6 shows a typical CPT sounding performed on the shoreline area, which lies
between the lake and the excavated area. From the CPT measurements, the soil pro-
file can be derived, with a top sand layer of 4.8 m in thickness overlying a clay layer
of about 8 m in thickness. It was found from the CPT tip resistance gr that this clay
layer varied in consistency from relatively soft in the top to hard below depth of 6 m.
This clay layer was followed by a sand layer of about 2 m in thickness, and then un-
derlain by a stiff clay layer.

Similar to the CPT sounding performed in the excavated area, the blow counts Ngo of
3 SPT borings performed nearby are compared with the CPT tip resistance through
correlations, as shown in Figure 7. The correlation proposed by Kulhawy & Mayne
(1990) seems to give a better predication than that by Jefferies & Davies (1993). The
soil type index I; value in the clay layers is consistently around 2.5 in most of the
depth range. The I; value in the sand layers fluctuates, but is generally less than 2.0.
The | appears to be an excellent index to distinguish sand from clay at this site.

A 185-m tall chimney was planned to be built on the shoreline area (Figure 1b). From
the CPT measurements presented in Figure 6, there is a weak zone in the depth range
from 5 m to 7 m, which requires ground improvement to achieve relatively high bear-
ing capacity and reduce predicted settlements to less than 2.5 cm. However, the SPT
N-values shown in Figure 7c missed such a soft zone. Jet-grouting was later used for



ground improvement for the chimney foundation. Post-grouting settlement measure-
ments taken during construction of the chimney showed that the improved bearing
capacity had reached expected range and that the settlement was within the accepta-

ble range.
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Figure 6. Typical CPT results in shoreline area
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Figure 7. Presentation of empirical correlations based on CPT results in the shoreline area: (a) Com-
parison of measured and correlated CPT tip resistance; (b) Soil type index; (c) Comparison of meas-
ured and correlated SPT N-value.



4 CONCLUSIONS

For construction of a large energy facility, a 35-m high steep bluff was cut close to
the shoreline of Lake Michigan. Following the excavation, CPT tests were performed
in the excavated area, as well as in the shoreline area on the lake beach.

The change of overburden stress due to excavation provides an opportunity to eva-
luate various empirical correlations to estimate preconsolidation stress from CPT
measurements. It was found that for sand the estimated preconsolidation pressure
agrees well with the overburden stress before excavation. For clay soils, data scatter-
ing exists for all the correlation expressions, possibly due to fissures in clay or un-
known stress history.

Because CPT tests can provide a continuous soil profile, it is very helpful in detecting
inter-bedded layers of geomaterials. This is evident by the CPT tests performed in the
shoreline area. The CPT measurements detected a weak zone of 1 m in thickness,
which was missed by the other tests.
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