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Abstract

The site investigation is a key part of the design of tunnel construction projects, as it provides accurate geotechnical
parameters. A systematic site investigation, which consists of mainly in situ tests and laboratory sample tests, was
conducted for the Haimen-Taicang river-crossing tunnel project on Yangtze River. This paper aims to analyze and compare
the piezocone penetration testing (CPTU) and dilatometer test (DMT) results of both onshore and under-river subsoils to
provide insights into the interpretation of the in-situ tests. The accuracy of well-documented interpretation methods based
on CPTU and DMT was discussed. Current empirical correlations between in-situ test results and unit weight, undrained
shear strength and constrained modulus of the subsoils were checked, and their site adaptability was discussed in detail. A
series of site-specific correlations were derived based on the analysis of the in-situ tests and the comparison between the
in situ tests interpretation and the laboratory results. In order to reduce the errors between testing locations caused by soil
variability and get the consistent understanding of soil behaviors, CPTU-DMT correlations were reviewed and improved
based on local testing results.

Keywords Dilatometer test (DMT) - Empirical correlation - Geotechnical investigation - Onshore and under-water soils -
Piezocone penetration test (CPTU)
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(Suzhou city, Jiangsu province) in the south. The tunnel is
located about 8 km downstream of the Su-Tong Highway
Bridge, near the mouth of the Yangtze River. The under-
water part of this tunnel is designed to be a dual-direction,
six-lane, double-arch with a total length of 11.185 km. The
onshore, open-cut parts on the southern and northern
riverbanks are designed to be 920 m and 900 m, respec-
tively. Thus, onshore and underwater subsoils are both
involved in the initial geotechnical investigations prior to
construction, the results of which are discussed in this
paper.

The test site, which contains three parts (i.e., the
northern riverbank, the southern riverbank and the riverbed
of Yangtze River), is located about 35 km northwest of
Shanghai. Figure 1 shows the location of the test site and
the layout of in situ test points. The ground surfaces of both
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Fig. 1 Locations of sampling and in situ tests

banks are essentially flat with a level about 3.20 m (for
northern bank) and 2.58 m (for southern bank) Chinese
height datum (CHD). A value of 0.000 m CHD corre-
sponds to mean sea level of the Yellow Sea for 1952-1979
measured by Qingdao tide gauge. The ground level reduces
slightly towards the river.

Considering that site investigation and site characteri-
zation are of great importance in evaluating the results of
the in situ and laboratory tests for design or research pur-
poses, this study makes a comprehensive geotechnical
analysis which is divided into three parts. The first part
concerns the physical and mechanical properties of the
soils, with the test results of both onshore and riverbed soils
presented and compared. Of particular interest is the proper
understanding of the mechanical behavior of underwater
soft clays. Within that given geological unit, developing
interrelationships between different testing data (laboratory
or field) is useful to reveal correlative and statistical trends.
Although some regional correlations concerning the inter-
pretation of CPTU in the deltaic soft soils of Jiangsu
Province, China, were proposed by Cai et al. [6], Duan
et al. [9] and Liu et al. [15], these studies predominantly
focus on onshore CPTU tests conducted on onshore soils.
In the second part, taking laboratory test results as refer-
ences, the accuracy of existed interpretation methods (for
both CPTU and DMT) is checked, new empirical and
regional correlations of soil parameters based on in situ
tests for both land soils and riverbed soils are proposed.
The third deals with the CPTU-DMT correlations. Even for
the same geotechnical parameters, those interpreted from
DMT are probably different from those interpreted by
CPTU because of the different mechanism in soil failure
during probe penetration. In order to get the consistent
understanding of soil behaviors and compare the differ-
ences between onshore part and underwater part, several
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improved CPTU-DMT correlations were provided. It is
intended that the results presented will form a useful ref-
erence for engineers working on such similar sites.

2 Testing methods and results
2.1 Laboratory tests
2.1.1 Sampling and basic characterization

Index properties, as well as mechanical parameters, have
been interpreted from laboratory tests performed by
Southeast University (China). The clayey tube specimens
obtained along the tunnel were from many continuous
boreholes (located at both northern and southern banks and
riverbed) drilled up to 100 m depth using a stationary
piston sampler (diameter of 76 mm) and Shelby tube
sampler, which for many years was the most common
sampling technique used in China. The displacement
method was used, where the sampler is pushed down at a
constant rate to the pre-defined depth without pre-augering.
The stainless steel sampling tubes of 500 mm sample
length, wall thickness 1.85 mm and 7° angle of the cutting
edge were employed. Figure 2 shows the sampling plat-
form on land and river. After the withdrawal of the sam-
pler, the tube ends were immediately sealed in situ with
several layers of plastic film underlying an 8 mm-thick
polystyrene plate covered externally with wax (about
12 mm thickness). In order to prevent the loss of pore
water during transportation, the samples were placed ver-
tically aligned in sealed plastic containers on a 100 mm-
thick layer of wet sand as Pineda et al. [27] suggested. To
minimize the disturbance caused by transportation, the
gaps between tubes was infilled using scraps of polystyrene
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Fig. 2 Sampling methods a track-mounted rigs (on land); b floating barge (on river)

to induce lateral confinement and absorb vibrations. In
order to reduce the disturbance caused by the sampling
method, for each tube, top and bottom ends (2 times the
sampler diameter) were used only for index tests. A pre-
liminary characterization of the stratigraphy in the test site
was obtained from the visual inspection of the geomaterials
encountered during borehole drilling. The Quaternary
deposits in the test site is thick, mainly containing.

Holocene artificial fill (Q4™), alluvium (Q4") and sea—
land interactive sedimentary layer (Q4™°). Table 1 briefly
summarizes the details concerning the geological stratum
and the basic description of each geological unit. The
whole subsurface soil stratification determined by per-
forming linear interpolation of data from sampling bore-
holes is shown in Fig. 3. It can be seen from the table that
within the upper — 100.0 m CHD, the distribution of
geological units on the north bank, south bank and the
bottom of the river are not the same. There is at least one
unique soil layer in each area (i.e., layer 2—1 is only found
on the south bank, layer 3-2 is only found on the north
bank and layer 4—4 is only found in the riverbed). Figure 3
also shows that the thickness of sandy soils on the north
bank is much larger than that on the south bank. In general,
the distribution of soil layers in the riverbed has high
consistency with that in the south bank of the Yangtze
River within the upper — 50.0 m CHD, as the topsoils
(layer 4-1 and layer 4-2) of riverbed extend to the south
bank, but is not distributed in the north bank. As can be
seen in Fig. 3 that below — 50.0 m CHD, sand-like soils
are dominant (layer 5-2, 5-3 and 5-4) and distributed
across all three areas.

2.1.2 Testing results

The laboratory test programs included hundreds of sieve
analysis tests for measuring soil particle-size distribution
and index tests for measuring moisture content w, specific
gravity G, void ratio e, unit weight y, liquid limit wy, and

plastic limit wp. Table 2 summarizes some basic indices of
tested soils. Mechanical parameters were estimated from
oedometer and triaxial tests. Constant rate of strain (CRS)
oedometer tests was carried out to evaluate the compres-
sion parameters, like the compression and swell indices, C,
and C,, the constrained modulus, M, the consolidation
coefficient, ¢, and the hydraulic conductivity, k,. The
undrained shear strength, S,, was evaluated from both
direct shear tests and triaxial tests, including unconsoli-
dated undrained triaxial tests (UU) and consolidated
undrained triaxial tests (CU). The specimens, during tri-
axial tests, were isotropically consolidated to their in situ
stress state prior to undrained shearing. The values of
effective vertical stress (o],) were obtained from index
tests (depth and y) mentioned above and the interpretation
of CPTU results (i.e., using the pore water dissipation test
results to get underwater level on riverbed) in the following
section. Table 3 summarizes these testing results.
Comparing the test results from Table 2, the average
size of particles in layer 3—1 (silty sand with silt) located in
the south bank is larger than that in the north bank. The
same conclusion is also available in the description of layer
5-1 (silty sand). However, for the clayey soil, the mean
particle size of layer 4-2 (silty clay with silt) on the south
bank is smaller than that in the north bank. It may be
attributed to the orientation of the Yangtze River here, as
the south bank is a sedimentary area, where large particles
accumulate, and small particles are carried by water flow to
the north bank. This is also the possible reason for the
phenomenon that the sandy soil on the south bank is much
thinner than that on the north bank, as shown in Fig. 3.
Comparing the test results shown in Table 3, the
mechanical properties of the same soil layer located in the
south bank and riverbed are quite similar, as layer 4-1
(muddy silty clay with silt) and layer 5-1 (silty sand),
whatever it is sand-like or clay-like. Although deposited
depth and particle size of the same layer in both banks are
close, clear differences in layer 3—1 (silty sand with silt),
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Table 1 Summary of geological units

Layer Thickness Soil type Description Distribution
no. (m) area
1-1 0.1-0.5 Artificial fill Variegated, uneven density, asphalt concrete pavement is at 10-20 cm depth and at  North bank
Q™) 20-50 cm depth is generally concrete or triad subgrade South bank
1-2 - Silty sand with silt  Gray, full-saturated, loose, mainly composed of quartz, feldspar and mica, poorly  Riverbed
QM sorted and well graded
2-1 1.3-3.0 Silty clay Gray, Grayish brown, high plasticity to medium plasticity, mixed with thin layer of South bank
al silt
Q4
2-2 0.7-12.2 Silt mixed with Gray, medium dense, high-water-content, the thickness ratio of silty clay to silt is  North bank
silty clay about 1/3.1
Q4"
3-1 2.9-17.0 Silty sand with silt  Gray and grayish yellow, medium dense, full-saturated, mainly composed of quartz, North bank
Q" f;lldspar and mica, well sorted and poorly graded, locally mixed with thin layers of  gouth bank
silt
3-2 1.8-8.6 Silty sand with Gray, medium dense, high-water-content, the thickness ratio of silty clay to silty North bank
silty clay sand is about 1/1
Q4"
4-1 1.1-8.5 Muddy silty clay Gray, high plasticity, with fishy smell, containing a small amount of humus, the South bank
with silt thickness ratio of silt to muddy silty clay is about 1/2.8 Riverbed
Q™)
4-2 2.2-28.3 Silty clay with silt ~ Grayish brown, high plasticity to medium plasticity, silt and silty clay are North bank
(Q,™) interbedded, with a thickness ratio of about 1/3, containing a small amount of South bank
humus and grayish yellow ginger stone, locally mixed with a thin layer of silty
sand
4-3 1.6-29.6 Silt mixed with Gray, slight dense to medium dense, high water-content, with horizontal bedding, = Riverbed
muddy silty clay silty clay and silt are interbedded, with a thickness ratio of about 1/2.5, locally
al mixed with a thin layer of silty sand
Q4
4-4 1.8-16.5 Silty sand with Silt Grayish brown, saturated, medium dense to dense, mainly composed of quartz, South bank
(Q,™) feldspar and mica, well sorted and poorly graded, with horizontal bedding, silt and = Rjyerbed
silty sand are interbedded, the thickness ratio is about 1/2.6, and locally mixed with
thin layers of cohesive soil
5-1 1.5-31.4 Silty sand Cyan gray, saturated, dense, mainly composed of quartz, feldspar and mica, well North bank
Q5™ sorted, poorly graded, locally mixed with thin layer of silt South bank
Riverbed
5-2 0.6-30.0 Medium-to-coarse ~ Yellowish gray and grayish yellow, saturated, dense, mainly composed of quartz, = North bank
sand feldspar and a small amount of mica and dark minerals, poorly sorted well graded gouth bank
al+pl
Q") Riverbed
6-1 1.2-30.9 Silty sand Gray, saturated, dense, mainly composed of quartz, feldspar and a small amount of North bank
Q5" mica and dark minerals, well sorted and poorly graded, locally mixed with a thin  gquth bank
layer of medium sand and containing a small amount of calcareous cement .
Riverbed
6-2 0.3-33.2 Medium-to-coarse ~ Yellowish gray and grayish yellow, saturated, dense, mainly composed of quartz, = North bank
sand feldspar and a small amount of mica and dark minerals, poorly sorted, well graded  gouth bank
al+4-pl
Q"7 Riverbed
7-1 0.5-19.8 Silty sand Cyan grey, saturated, dense, mainly composed of quartz, feldspar and a small Riverbed
al amount of mica and dark minerals, poorly sorted, well graded, with sporadic silty
Q")
clay lenses
72 - Medium-to-coarse  Yellowish gray and grayish yellow, saturated, dense, mainly composed of quartz,  Riverbed

sand

(Q3al+pl)

feldspar and a small amount of mica and dark minerals, poorly sorted, well graded.

(Not penetrated through by drilling)
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Fig. 3 Subsurface soil stratification by linear interpolation of boreholes data

layer 4-2 (silty clay with silt) and layer 5-1 (silty sand) in
different river sides are observed mainly in terms of con-
strained modulus and consolidation coefficient.

2.2 In situ tests
2.2.1 CPTU and DMT

In order to estimate what the mechanical properties are at
locations elsewhere in the sites or else depth with no
samples, it is conventional to perform a high number of
in situ tests relative to laboratory tests and calibrate the two
kinds of data sets in order to characterize a large area of
tested site reliably, rapidly and economically. The CPTU
and DMT are particularly advantageous in this regard
because they collect data at finer depth intervals (0.05 m
and 0.5 m, respectively, in this study) comparing with
other in situ tests (e.g., standard penetration test, field vane
test). CPTU penetrometer is a taper-head electronic steel
probe, which is penetrated into the subsoil for collecting
continuous data such as cone tip resistance (q.), sleeve
friction (f;) and pore-water pressure (u,) of in situ sediment
and transfers these data through a cable to the surface. In
this study, a reference cone, which has a 10 cm? cross-
sectional area and a 150 cm? sleeve area, was used. The
control depth of CPTU was about 60 m with a penetration
rate of 2 cm/s. Whether or not the depth reached 60 m, if
the measured g. was greater than 20 MPa or the inclination
angle of the penetrometer was greater than 15°, the depth at
this moment was the final depth. The in situ test programs
included 6 CPTU tests, including two on the north and
south banks of the Yangtze River (CPTU1 and CPTU2),
respectively, and four on the river (CPTU3-CPTUG6), as
shown in Fig. 1. The dilatometer in this study, which was
developed by Marchetti [19], is a 15 mm thick, 95 mm
wide and 230 mm long flat plate with a 16° apex. A flex-
ible stainless steel membrane with 60 mm diameter is
located on the face of the blade. After the correct “A”
value, which is the pressure required to begin to move the
DMT membrane against the soil, and “B” value, which is
the pressure required to move the center of the membrane
1.1 mm against the soil, Py and P, pressures were obtained,

respectively. Additional DMT indices can be obtained from
Py and P;: (1) material index: Ip = (P; — Py)/(Po — uo);
(2) dilatometer modulus: Ep = 34.7(Py — Py); (3) hori-
zontal stress index: Kp = (Py — ug) /0.

2.2.2 Testing results

CPTU readings (i.e., q., f; and u,) along the depth are
shown in Fig. 4. Besides, if the cone is stopped in cohesive
soils exhibiting positive excess pore pressure generated
during penetration, the decay of the excess pore pressure
can be recorded and interpreted to provide consolidation
properties. Alternatively, in sandy formations, the contin-
uous reading of u, indicates the water head at that depth.
The pore-water dissipation curves at specific depth are also
illustrated in Fig. 4.

In the south bank, based on CPTU data, the strata can be
roughly divided into four categories during the upper 50 m.
The first part is from 0 to 10 m depth, which is most likely
to be the layer 3—1. The main feature of this layer is the
negative pore pressure measured during penetration, and
the cause of this phenomenon is inconclusive, may be the
partial unloading effect or the shear-induced dilatancy of
overconsolidated sandy soils[3, 8]. Within the depth of
10-30 m, clayey soils are clearly identified, as the g. and f;
are both close to zero. At the bottom of this layer, there is a
pronounced jump toward 12 MPa. Below the 30 m, from
the point of the lager values of g, sandy soils are dominate.
However, the values of u, do not show the linear increase
with depth, which is general phenomenon occurs in the
clean sand. It can be inferred that the fine content of this
part of sandy soils (layer 4—4, based on CHD) is large. This
is also confirmed by the data in Table 2. Comparing the test
results of CPTU1, 3, 4 and 5, it can conclude that, the strata
of south bank and riverbed is consistent. Due to the special
location of CPTUG6 (i.e., the test point of CPTUG6 is not
located on the deep-water channel, see Fig. 3), it does not
reveal the top clayey soils, which are clearly identified
according to the relatively low g, values by CPTU3, 4 and
5.

In the north bank, the variation of g, over a wide range is
mostly due to the thick silt layer interbedded with silty clay
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seam which extends to 17 m (Fig. 4b). The ¢. drops to a
minimum of about 1.8 MPa at about 18 m (i.e., the top of
layer 3-1), and then increases immediately to a high-re-
sistance zone with the mean value of ¢, is about 8.5 MPa.
The consistency of the static hydraulic pressure (i) and u,
indicates that, during the upper 27 m, sand is dominate in
the subsurface. At the range of 27 to 32 m depth, the excess
pore pressure was generated, which is indicative of the
existence of fine-grained soils. However, this layer is not
revealed in borehole data. Below 32 m depth, g, f; and u,
all show sharp fluctuation, which can probably be attrib-
uted to the interbedding of sandy soils and silty soils. It
should be noted that given the relatively high g. values,
clayey soils are not existed below 32 m depth.

Figure 5 shows the measured results of 4 DMT tests. As
expected, Py and P, increase linearly with depth whatever
on land or in the riverbed. However, P, values show a
wider variation than Py in all 4 tests. As mentioned above,
the strata of the south bank and riverbed seem to be con-
sistent, as the results of these tests conducted on the south
bank (Fig. 5a) and on the river (Fig. 5b, c) all show a clear
feature that, at 20 m depth, the material index I has a
sharp change. Since this index is considered a single
parameter in soil classification based on DMT, it is likely
to be the boundary between two kinds of soils at 20 m
depth, but this inference cannot be concluded in the north
bank (Fig. 5d).

3 Interpretation of in situ test results
and correlation analysis

3.1 Soil classification
3.1.1 Classification by CPTU

Soil classification, as one of the most important applica-
tions of CPTU test, can be conducted by various charts,
which use several normalized CPTU parameters as indi-
cators. While classifying, the CPTU data should be
superimposed onto charts, which are divided into several
zones representing soil types. Differ from the traditional
classification methods based on grain size distribution and
plasticity, and the normalized CPTU parameters reflect the
mechanical behavior of the soil. Robertson [28] suggested
using the following normalized CPTU parameters to
identify soil behavior type (SBT) and proposed two charts
based on either O, — F, and Q,; — B,

Oy = 420 (1)

/
GV()
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F, = /s x 100% (2)
4qr — Ovo
Uy — Uy

B, = (3)
1 4y — Ovo

where o,0= pre-penetration in-situ total vertical stress; o,
= pre-penetration in situ effective vertical stress; uy =
in situ equilibrium water pressure, which is resulted from
the groundwater level estimated from u, data in each
CPTU sounding by comparing the hydrostatic line to the u,
pressure measured in sandy soil layers in pore water dis-
sipation tests shown in Fig. 4.

Jefferies and Davies [13] identified a SBT index /. to
represent the boundaries between different soil types using
0O, — F, chart, (i.e., I, > 2.95 for clays, 2.05 < I, < 2.95
for silt mixtures and I, < 2.05 for sands) as defined by

I. = \/(3.47 — lothl)2 + (logF, + 1.22>2 )

Liu et al. [16] suggested that even if g is replaced by g.
in order to be applied to the interpretation of conventional
CPT data, the g, — Ry chart from Robertson [29] was also
effective.

Ry = (f/a,)  100% (5)

This study investigated the three soil classification
charts proposed by Robertson [27, 29]. The results are
shown in Fig. 6 (for ¢, — Ry chart), 7 (for Q,) — F, chart)
and 8 (for Q,; — B, chart).

A comparison of classification results from in situ tests
and nearby boreholes at same depth is a common way to
validate soil profiles interpreted from in situ tests. How-
ever, it may reveal considerable scatter due to differences
in soil stratigraphy and consistency, as many sites are not
uniform, and errors in depth readings are inevitable. In
addition, in engineering practice, the intervals of sampling
depth are generally large and thin interlayers may be
ignored or merged in the thicker layers and named by the
thick layer, but data measured by in situ tests are more
sensitive to soil variation, it may underestimate the clas-
sification accuracy of in situ tests. Thus, during compar-
ison, the soil sample description (Table 1) is the main
calibration standard instead of the identification results
given in boreholes. Although individual values at each
depth could be presented in one chart, the plots become
crowded and confusing with many data points. Based on
this, in this section, each CPTU data profile was divided
into four parts (marked by depth along with the corre-
sponding soil layers in Fig. 3 for validation) according to
close g. values, as ¢, is the most sensitive indicator of soil
type among CPTU parameters.

The g, — Ry chart seems to be most reliable in soil
classification on land and Q,; — B, chart is most effective
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Table 2 Physical properties of each geological unit in test sites
Layer no. Items w G, e y (kKN/ k, ky, 29 wp Particle size distribution (%)
(%) m’) 10%cm/s) (10 cmls) (%) (%)
> 025 mm 0.25- < 0.075 mm
0.075 mm
12 S.Q 31 50 26 27 - 1 14 14 118 118 118
Max 33.0 276 0995 21.0 - 360 304 215 355 90.7 87.5
Min 17.8 2.68 0.539 18.0 - 360 24.5 155 0 12.5 4.1
Ave 253 271 0.755 19.6 - 360 27.5 19.0 5.6 55.6 38.8
2-1 S.Q 18 3 3 3 - 1 3 3 4 4 4
Max 344 2.69 0.794 19.6 - 4.1 472 249 127 41.0 69.9
Min 233 2.69 0.757 19.0 - 4.1 28.5 172 5 11.3 28.5
Ave 290 2.69 0.779 194 - 4.1 347 217 78 28.6 63.6
2-2 SQ 70 83 64 64 3 4 95 95 88 88 88
Max 390 276 1.111 20.7 18.26 19.87 343 222 604 76.8 94.8
Min 194 2.68 0546 17.6 12.72 6.01 23.7 143 0 52 11.6
Ave 293 269 0.850 18.9 15.92 12.30 28.6 18.7 3.7 38.5 57.8
3-1 S.Q 12 12 12 12 - - 32 32 64 64 64
(North) Max 348 2.7 0994 19.0 - - 363 21.8 240 81.7 84.9
Min 286 2.7 0.866 17.7 - - 19.4 107 0 39.6 35.7
Ave 317 27 0939 183 - - 25.5 14.8 3.7 40.9 51.8
3-1 SQ 5 5 5 5 - - 7 7 30 30 30
(South) Max 31.6 28 0853 199 - - 332 21.0 107 87.3 61.2
Min 21.0 2.7 0.678 19.0 - - 21.5 137 0 17.3 9.6
Ave 246 27 0764 194 - - 29.2 17.8 4.6 56.5 36.4
3-2 S.Q 18 18 18 18 - 1 23 23 21 21 21
Max 41.8 2.73 1.127 19.6 - 10.0 414 248 58 54.8 72.4
Min 274 2.68 0.742 174 - 7.51 26.8 169 1.5 26.1 41.7
Ave 339 270 0983 183 - 8.76 332 19.9 37 46.4 49.9
4-1 SQ 52 52 52 52 2 25 52 52 6 6 6
(South) Max 515 27 1424 18.6 12.8 18 41.8 221 11.7 79.2 58.6
Min 306 2.7 0996 17.0 12.1 1.5 30.1 162 0 13 18.6
Ave 368 2.7 1.077 178 12.4 12 34.5 19.6 6.6 39.1 48.6
4-1 SQ 12 17 11 11 7 15 29 29 152 152 152
(Riverbed) Max 35.6 2.7 0928 20.0 16.65 60 331 233 34 41.1 100
Min 227 2.68 0.656 18.4 5 0.43 21.9 134 0 0 58.9
Ave 263 2.69 0.731 19.5 10.9 10.03 269 182 0.1 13.9 86
4-2 S.Q 15 15 15 15 1 1 22 22 10 10 10
(North) Max 35.1 2.7 1.009 18.8 16.8 8.6 334 19.6 16 69.1 76.6
Min 273 27 0881 17.7 16.8 8.6 21.2 11.8 0 28.6 40.3
Ave 314 27 0954 18.1 16.8 8.6 28.5 16.7 11.8 32 56.2
4-2 S.Q 43 43 43 43 - 5 46 46 8 8 8
(South) Max 343 2.7 1.000 19.5 - 15.5 376 216 7.7 36 63.4
Min 200 2.7 0.682 16.9 - 3.0 24.2 154 2.1 18.3 45.5
Ave 283 27 0905 182 - 11.1 31.0 184 4.6 324 57.8
4-3 SQ 37 48 33 36 1 13 49 49 24 24 24
Max 428 2.8 1374 20.2 13.92 62.0 423 268 7 47.7 100
Min 172 2.7 0.601 159 13.92 1.38 22.0 146 0 0 50.1
Ave 321 27 1017 177 13.92 10.93 305 207 04 16.6 83
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Table 2 (continued)

Layer no. Items w G, e Y gkN/ k, . ky, . wr, wp Particle size distribution (%)
(%) m) (107 em/s) - (107 emfs) (%) (%) >0.25 mm 0.25- < 0.075 mm
0.075 mm
44 S.Q 21 21 24 23 - - 28 28 19 19 19
Max 388 2.8 1.179 21.2 - - 326 227 479 92.3 100
Min 178 27 0535 172 - - 17.2 100 O 0 1.8
Ave 256 27 0792 19.0 - - 28.1 194 5.1 52.6 42
5-1 S.Q 6l 63 47 57 - 5 - - 5 5 5
(North) Max 326 2.7 0917 209 - 1100.0 - - 16.4 70.2 45.7
Min 103 2.7 0470 18.0 - 180.0 - - 04 33.6 19.4
Ave 212 27 0.676 19.5 - 410.0 - - 8.7 57 343
5-1 SQ 74 68 50 64 - 3 - - 43 43 43
(South) Max 298 27 0973 212 - 950.0 - - 42.1 78.9 46.9
Min 11.7 2.8 0459 17.6 - 340.0 - - 0 11.1 33
Ave 198 2.8 0.660 194 - 496.7 - - 20.2 55.5 23.8
5-1 S.Q 220 236 142 181 - 8 12 12 179 179 179
(Riverbed) Max 32.6 276 1.100 21.4 - 600.0 30.1 219 492 95.6 499
Min 11.6 2.67 0433 17.1 - 110.0 16.5 165 0 224 1.3
Ave 212 270 0.694 19.5 - 408.0 19.7 19.7 12.4 60.5 27.1
5-2 S.Q 120 111 35 40 - - - - 144 144 144
Max 192 272 0.793 21.5 - - - - 77.3 423 13.2
Min 7.1 2.65 0.365 16.9 - - - - 18.5 0.3 0
Ave 12.1 2.67 0.530 19.7 - - - - 60.2 14.7 15
6-1 SQ 29 29 16 23 - - - - 137 137 137
Max 368 2.72 0937 214 - - - - 74.5 94.8 47
Min 9.8 2.67 0.396 18.0 - - - - 0 9.6 0
Ave 200 2.69 0.659 194 - - - - 30.7 51 22.6
6-2 S.Q 74 71 25 32 - - - - 117 117 117
Max 252 2.69 0.721 214 - - - - 77.3 90.5 39.2
Min 7.4 2.64 0.361 17.1 - - - - 0 3.9 0
Ave 129 2.67 0.513 19.8 - - - - 60.2 17.3 14.8

S.Q. statistical quantity, Max., Min. and Ave. are the maximum, minimum and mean value, respectively

—, indicates that the data is not available

in defining soils underwater after a comprehensive com-
parison between Figs. 6, 7 and 8 and Table 1 (Description

column). This conclusion generally resulted from: .

e the CPTU data are easily located out of the coordinate
range in Q,; — F, chart, especially for soft soils (e.g.,
CPTU1-®, CPTU2-® and CPTU4-®).

e (O, — B, chart provides a poor estimate in CPTU1 and
CPTU2 (both of them were performed on land). It
seems to overestimate the stiffness of soils, as in
CPTUI-®, -®, -® and in CPTU2-®, -@, -@, the
number of data points which inferred as sandy soils are
obviously higher than the classification results obtained
from other two charts, and it is also inconsistent with

@ Springer

the description of the corresponding soil layer in
Table 2.

Sand content suggested by g, — Ry chart seems to be
overestimated in CPTU3-®, CPTU4-®, -® and
CPTU6-® (all of these tests were conducted on the
river), since these soils are mostly identified as silty
sand.

0,1 — B, chart suggested a little amount of sensitive
fine-grained soils exist in CPTU4-®, CPTUS-®. This is
also consistent with the description in Table 1 as
“muddy soils”. However, in other two charts, this kind
of soils are not revealed.
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Table 3 Mechanical properties of each geological unit in test sites

Layer no. C. C, M ¢, (10~ 3cm?¥/s) cq P4 Cuu Puu Ceu Peu c <pv
(MPa) At AL AL AL kPa) () ((Pa) () (kPa) () (kP ()

50 kPa 100 kPa 200 kPa 400 kPa

2-1 0.180 0.022 486 5.84 547 5.20 3.01 17.1 144 205 8.3 18.4 18.6 193 19.2

2-2 0.229 0.028 1543  6.65 5.68 5.09 3.88 11.2 134 109 132 219 262 254 270

3-1 - - 16.68  6.51 5.90 5.61 3.94 15.1 13.6 219 182 26.7 31.7

(North)

3-1 - - 15.11  6.23 5.74 5.45 3.20 13.6 163 21.2 17.0 253 324

(South)

3-2 - - 6.02 691 6.60 6.43 3.25 18.1 13.9 18.0 142 29.0 26.5

4-1 0.245 0.024 420 4.13 3.96 3.92 321 12.2 10.2 6.8 6.2 13.7 151 139 188

(South)

4-1 0.193 0.014 433 4381 3.62 3.51 3.80 12.5 12.5 109 5.0 11.5 189 136 219

(Riverbed)

4-2 0.174 0.019 447 6.22 5.73 4.47 4.27 13.3 123 17.0 12.1  51.0 299 199 233

(North)

4-2 0.198 0.016 1145 6.98 6.16 5.98 4.43 15.4 13.6 18.1 17.1 265 224 172 205

(South)

4-3 - - 534  6.19 4.56 4.56 4.28 13.8 19.6 14.0 9.8 14.5 260 163 283

4-4 - - 10.56  8.22 7.13 7.35 3.87 148 215 - - - -

5-1 - - 444 820 7.27 6.96 5.53 89 313 - - - -

(North)

5-1 - - 621 7.12 6.27 6.03 5.17 9.1 338 - - - -

(South)

5-1 - - 11.76 747 6.55 6.45 5.18 104 365 - - 3.6 31.6

(Riverbed)

5-2 - - 1246 - - - - 54 413 - - - -

6-1 - - 1227 - - - - 24 368 - - - -

6-2 - - 1348 - - - - 22 410 - - - -

M is calculated at g/, = 100 ~ 200kPa; ¢4, @4 are obtained by direct shear test; ¢y, @y, are obtained by UU test; ccy, ¢, are obtained by CU test;

c’, ¢’ are obtained by CD test

3.1.2 Classification by DMT

According to Marchetti [19], the material index I, was
originally used as a simple and approximate parameter for
identifying the soil type, ie., Ip<0.6 for clay,
0.6 <Ip<1.8 for silt and Ip > 1.8 for sand. Similar to the
CPTU classification methods, I, is a parameter reflecting
the mechanical behavior (i.e., the geomaterials which are
classified as clay, silt and sand based on I, have clay-, silt-
and sand-like behavior, respectively). The classification
criterion is shown in Fig. 5., which shows that /j, can range
from 0.1 to 10 and is commonly illustrated on a log scale.
The classification method was improved adding Ep as
another parameter in the classification process.

Comparing with the soil profiles shown in Fig. 3, the
classification results obtained by DMT seem to provide a
good estimation between sandy soils and clayey soils
(Fig. 9). It should be noted that the DMT method defines
the type of soil too broadly, and the data interval is larger
than CPTU. DMT chart seems to be ineffective in distin-
guishing silt from clay (see DMT2). Based on this, if the
soil stratigraphy of tested site is dominated by clay and silt
interbedding, the soil classification method based on DMT
will not be able to describe the soil profile at all, as the data
points will be mixed together on the chart and cannot be
recognized (see DMT4). Thus, it is untenable to conclude
that DMT is more effective than CPTU in soil
classification.
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Fig. 4 CPTU results: a CPTU1; b CPTU2; ¢ CPTU3; d CPTU4; e CPTUS; f CPTU6

3.2 Interpretation of geotechnical parameters

Empirical or semi-empirical correlations provide a simple
way to estimate the physical or mechanical properties of
soils using CPTU and DMT data, but the empirical coef-
ficients included in estimation are always obtained by
mathematical statistics of the laboratory test results from a
given site and may not be applicable to other regions. It is
well-acknowledged that these empirical correlations need
to be verified when applied at a local testing area to con-
sider the different geological histories and conditions,
which have great influence on soil properties. As the pro-
posed empirical correlations are site-specific, and few
validation works were made for underwater soils, in this
section, an applicability study was made to screen the
appropriate correlations to interpret some physical and
mechanical parameters of both land and underwater soils in
tested sites based on CPTU and DMT methods. To simplify
the presentation and avoid the great scatter caused by the
inhomogeneity between sampling sites and in situ test sites,
in each uniform soil layer, the validation works were only
performed on average values of each tested soil index.
Table 4 summarizes the average values of in situ test
parameters for each tested soil layer.
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3.2.1 Unit weight

3.2.1.1 Interpretation from CPTU Due to the indispens-
ability in calculating overburden stress of soil layers, unit
weight (y) is a basic parameter used in interpretation of
CPTU data. Lunne et al. [17] proposed empirical values of
unit weight (Yenare) (Table 5) for all 12 kinds of soils in g—
Ry chart. Robertson and Cabal [31] combined correlations
between shear wave velocity and soil unit weight [20], as
well as DMT results and soil unit weight (Fig. 9) to link yeq
with CPTU data, as defined by

Veq/Vw = 0.27l0gR; + 0.36log(q,/p,) + 1.236 (6)

The unit weights obtained from Table 4 and Eq. 6 as
well as 7., (taken as calibration standards), which is
determined in the laboratory, are summarized in Table 5. It
is obvious that whatever for onshore data (CPTU1 and
CPTU2) and riverbed data (CPTU3 to CPTUG6), Ychart
shows a better correlation with 7y, than yeq.

3.2.1.2 Interpretation from DMT The soil classification
chart (Fig. 9) developed by Marchetti and Crapps [23]
provides direct indications about the unit weight of soils in
the process of soil classification. When comparing the
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Fig. 5 DMT results: a DMT1; b DMT2; ¢ DMT3; d DMT4

predicted ycpae With ypap, it can be observed that the unit
weight of each kind of soils is underestimated by the chart.
In consideration of the high accuracy of Table 4 in y
estimation is only based on soil type, Ip is a single index in
soil classification by DMT, there is a strong possibility that
a link exists between y and Ip. A direct relationship
between 7 and I, was found by conducting a polynomial
regression analysis, using semi-logarithmic scaling in
Fig. 10.
The resulting equation can be expressed as

7y = 18.65 4 2.071og,, Ip — 0.94(log,o Ip)>  (R* = 0.67)
(7)

This relationship derived from both onshore and riv-
erbed data, and the applicability of this relationship should
be validated in other sites. In addition, due to the functional
properties of quadratic function, when I, increases to
12.64, y decreases with the increase of Ip, it is obviously
not consistent with our engineering experience. Thus,
Eq. 21 is only acceptable to the range: 0.1 <Ip <12.64.

(b) Contact and expansion Material index Dilatometer modulus Horizontal stress
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3.2.2 Undrained shear strength (Su)

3.2.2.1 Interpretation from CPTU A large number of
empirical correlations have been reported on the interpre-
tation of undrained shear strength of cohesive soils (i.e.,
layer 4—1 in this paper) from CPTU data [7, 10]. From the
tip resistance in cohesive soils, the S, profile with depth can
be determined by applying the bearing capacity equation to
the cone, which is commonly expressed as

q; — 0,0
Su Nu (®)
where Ny, is the cone bearing capacity factor, characterised
by a large range of variation for different sites, commonly
varies from 8 to 20 for normally consolidated clay, could
approach to more than 30 for over-consolidated soils
[5, 11].

An alternative derivation of undrained strength can be
obtained by dividing the excess pore pressure
(Au = u; — up)) by the cone pore pressure factor Ny, as
suggested by Robertson et al. [30]

_Au

Sy =— 9
NAu ( )
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Fig. 6 Soil classification results based on CPTU using g—R; chart
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Fig. 7 Soil classification results based on CPTU using Q,;—F chart
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Many attempts have been made to correlate the cone
factors Ny, and Ny, empirically with CPTU parameters in
order to obtain S, values rapidly. Mayne [21] correlated N,
and Ny, to the normalised cone pore-water factor B, as
Eq. 10,

3.90
—B,
3.90 (0.5<B,;<0.7) (10)

T 1/B,—1

kz:1

NAu

and then, Mayne and Peuchen [22] reduced the scatter of
data points in the relationship between B, and N, by
presenting the Eq. 11.

Ny =10.5—-4.61n(B,+0.1)(B, > —0.1) (11)

Ahmed and Agaiby [2] empirically linked these two
factors with 1. as Eq. 12.

N = 19251, +4.334 (12)
Nay, = 1.9251, + 0.429

Besides, in order to obtain S,, from CPTU tests (based on
Eq. 13 provided by Vesic [32, 33]), since the measured u,
is the parameter that shows the least variation from one
type of CPTU equipment to another, if the pore-pressure
measurement system is sufficiently well-saturated, Mayne
[21, 22] linked rigidity index (Ig) with CPTU pore-pressure
parameters, as Egs. 14 and 15.

th:4/3(lnIR+1)+n/2+l (13)
Naw = 4/3(Inlg + 1)
2.93B,
Ir = exp L Bq] (0.5<B,;<0.7) (14)
— Pyq

1.5 + 2.925M(%)
ol

where Q= (g, — 5.0)/7;
M = (6sing’)/(3 — sing’).
Table 6 summaries the results based on aforementioned
methods. Except CPTUS, the N, and N,, calculated
directly from laboratory results based on Eqgs. 8 and 9
varies in a narrow range. To a degree that reflects reliability
of in situ data. Compared to the results directly from lab-
oratory tests, Eqs. 10 and 12 give no consistency with
them. The results from Eq. 11 show a good agreement with
Ny, yu for riverbed soils (i.e., CPTU 3-CPTU6) and the
results from Eqgs. 13 and 15 show a considerable consis-
tency with Ny, cuy and N, cu. However, in the process of
validating Eq. 15, the values of effective friction angle (¢')
is also needed from laboratory. Although many researchers
have provided several correlations between ¢’ and CPTU

(15)

Igr =exp

U = (uz — up) /0

@ Springer

parameters [26], no wide-accepted conclusions have been
put forward so far.

3.2.2.2 Interpretation from DMT The primary correlation
for determining S, from the DMT test is provided by
Marchetti (1980), in the normalised form Lutenegger [18]
expressed by the relationship:

S./a), = 0.22(0.5Kp)" > (16)

It is meaningful to conduct site-specific verification to
Eq. 16 in this study, because the constants 0.22 and 1.25
are related to overconsolidated ratio and plasticity index of
investigated soils. Besides, these constants were provided
using field vane test as reference test, it may inevitably
introduce errors in estimation when comparing with labo-
ratory test results. Figure 11 depicts the relationships
between S,/a’, and Kp, for the submarine clay (layer 4-1)
taking DS, UU and CU test as reference test, respectively.
In addition, many researchers used linear relationship
directly linked S, with DMT parameters [18], but after
verification, these empirical relationships are also not
applicable in this case.

3.2.3 Constrained modulus (M)

3.2.3.1 Interpretation from CPTU In geotechnical practice,
settlement and stability are two primary considerations
related to the design of structures on soft sites. Constrained
modulus (M) is a significant parameter to estimate the
magnitude of consolidation settlement of subsoils. In
practice, it has been usual to linearly correlate the modulus
M with net cone resistance (g, — g,9) [14]. The measured
M obtained from the one-dimensional consolidation tests
were compared with net cone resistance shown in Fig. 12.
This figure also presents the best fitting lines of (g, — a,0)
to measured M, as M = 3.095(g, — a,0) for layers 4-1, 3-2
and 3-1 and M = 1.104(q, — a,0) for layers 4-2 and 4-3. It
should be noted that measured M for layers 4—4 and 5-1
seem to have weak relationship with (g, — g,9) resulted
from the large inhomogeneity in these layers, as described
in Table 1.

3.2.3.2 Interpretation from DMT To estimate one-dimen-
sional constrained modulus (M), the correlation with Ej, is
used in the form:

Mpyr = Ry - Ep (17)

where R, is calculated after:
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Fig. 9 Soil classification results based on DMT
Table 4 Measured data by in situ tests for each soil layer
Insitu  Layer no. grave Rrave  Yehart Yeq Yiab Insitu  Layer Ipave Epave Kpave Yehart Yiab
tests (kPa) (%)  (KN/m*)  (kN/ (kN/ tests No (MPa) (kN/m*)  (kN/
m3) rn3) m3)
CPTUl 3-1 4910.8 2.38 18.5 19.06 19.5 DMT1 3-1 0.998 8326 7.071 17 19.5
4-1 859.1 2.16 18 16.28 17.8 4-1 0.509 5.381 2.020 17* 17.8
Interlayer 11,442.0 2.0 19 20.16 19.1 4-2 1.264 19.393 1.911 18 17.9
4-3 5613.7 3.34 18 19.65 17.7 DMT2 4-1 0.338 4.353 2.765 17% 17.8
CPTU2 3-1 5323.3 1.27 19 18.46 19.3 5-1 2.972 37.832 1.118 15 19.5
3-2 1968.0 343 18 18.08 18.3 5-2 4.660 56.633 0.700 15 19.7
4-2 5917.65 1.68 19 18.95 17.9 DMT3 12 1.463 12.683 3.600 17 19.6
4-4 5068.5 3.36 18 19.51 19 4-1 0.523  6.056 2.867 17* 17.8
CPTU3 4-1 967.24 0.90 18.5 15.45 17.8 5-1 5.808 35.961 0.733 19 19.5
4-4 8630.8  0.52 19.5 18.18 17.7 5-2 18.280 32.600 0.010 18 19.7
5-1 14,7434  0.21 20 17.95 19.5 DMT4 3-1 1.593 12.145 3.603 17 19.3
CPTU4 4-1 1381.6 2.14 18 17.00 17.8 3-2 1.361 10.776 1.360 17 18.3
4-3 4848.2  0.97 19 18.01 17.7 4-2 0.631 6.469 1.217 17 17.9
5-1 15,388.1  0.42 20 18.82 19.5
CPTUS 4-1 1589.0 1.71 18.5 16.95 17.8
4-3 4776.0 1.06 19 18.09 17.7
4-4 10,859.5 0.26 19.5 17.73 19
CPTU6 3-1 51499 0.32 19.5 16.83 19.5
44 6281.9 1.29 19 18.73 19
5-1 13,802.0 0.31 20 18.30 19.5
0.14 + 2.36l0gK p(Ip < 0.6) determination coefficient is 0.603, indicating that the esti-
Ryo + (2_5 — RM,0)108K0(0-6<ID <3) mation method based on DMT is acceptable. If the point
Ry = 0.5+ 2logKp(Ip > 3) (18) with large deviation (marked as layer 5-1) are excluded,

0.32 + 2.18l0gK (K > 10)
>0.85

where Ry = 0.14 4+ 0.15(Ip — 0.6). Figure 13 shows the
comparison of the measured M values from the laboratory
tests and the predicated values (for all layers penetrated
through by DMT) based on Egs. 17 and 18. The
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the determination coefficient will increase to 0.777. It
should be noted that, in Eq. 18, Ry, must be larger than
0.85, but this limitation increases the deviation to labora-
tory results and does not be accepted in Fig. 13.
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Table 5 Empirical values of unit weight in g-R chart for 12 kinds
soils

Zone no. Yehart (kN/m3) Zone no. Yehart (kN/m3)
1 17.5 7 18.5
2 12.5 8 19.0
3 17.5 9 19.5
4 18.0 10 20.0
5 18.0 11 20.5
6 18.0 12 19.0
21
20
n ¥ _!--"!._l--- -
~ - . -
= 19 -7
P
&
Pid L
- L R
= 18 - "',. n [ ]
=y .~
Y
=
= 17 \
S
Y= 18.65 + 2.07log;/p- 0.94(10g10[D)2
16 -
15 e e
0.1 10

1
I, (DMT)

Fig. 10 Unit weight y versus material index Ip
4 DMT-CPTU correlations

Although DMT and CPTU are popular in site investigation
worldwide, neither of them measures mechanical proper-
ties of soils directly, whatever clayey soils or sandy soils,
both of them can be derived based on theoretical or
empirical correlations with different degree of accuracy.
Most empirical correlations are site-specific, it is necessary
to verify their usability before engineering practice. On the
other hand, most theoretical correlations are based on
cavity expansion theory. In any event, these expressions
can only provide approximate interpretation results since
neither DMT blade nor CPTU penetrometer with 60° apex
tip are perfectly represented by an infinite cylinder nor by a
perfect sphere. Thus, the two techniques both have their
own advantages and disadvantages in the interpretation of
geotechnical parameters. For example, Ahmadi and
Robertson [1] argued that CPT penetrometer can sense a
soil interface up to 15 cone diameters ahead and behind
based on the stiffness of soil layers. However, DMT
appears to be less influenced by ahead and behind soils
since the blade is stopped during recording parameters.

What’s more, as mentioned above, DMT predicts con-
strained modulus presumably more inline with the labora-
tory results. CPT, especially CPTU, has accumulated a lot
of engineering/research experiences worldwide because its
high-efficiency and simple-operation and can be inter-
preted more geotechnical parameters than DMT. CPT has a
somewhat more extensive theoretical background com-
pared to the DMT, as well as a larger database of well-
documented case histories for certain applications. It is
noted that the accuracy of CPTU in soil classification has
been validated globally and the continuous readings of
CPTU can depict the soil profiles (especially in detecting
thin interlayers) as accurately as possible. Therefore, the
combined use of DMT together with CPTU can be a good
complement in defining geo-stratigraphy and soil
geotechnical parameters. Interrelationships between CPT
and DMT data can validate, expand and improve correla-
tions and applications by using existing engineering
experience from one test and extrapolating to the other.

Comparison of intermediate DMT parameters and those
derived from CPTU data after Robertson [29] and Grabar
et al. [12] was made to discuss on the equivalence/non-
equivalence of CPTU and DMT data. Robertson [29]
pointed out that the proposed correlations are unlikely to be
applicable for all soils but regarded them as framework,
which is available for future refinements. Thus, in this
section, it is interesting to observe the validity of the
existing correlations for the study areas.

Robertson [29] presented CPT and DMT data from
published records and showed a trend between Ip and I,
defined by

I.=2.5—1.5loglp (19)

A comparison of readings from adjacent CPTU and
DMT tests in the study area is shown in Fig. 14, reveals
considerable scatter versus Eq. 19, especially for clayey
soils. With the above Eq. 19 as a framework, regression
analysis was conducted to obtain I-I. correlation for clay-
like soils. The proposed correlation is expressed as

;_ { 2.5 — 1.5loglp(I. > 2.95,15<0.6)

1.9 — 4.76logl (1. <2.95,1 > 0.6) (20)

It should be noted that, for soils, which is out of the
applicable conditions, for example, I, > 2.95,Ip > 0.6
(i.e., DMT and CPTU do not classify these soils into the
same category), Eq. 20 is ineffective to link I with I..

Overconsolidation ratio (OCR) and the coefficient of
lateral earth pressure (K,) are one of the most important
parameters for geotechnical design but hard to obtain
strictly whatever in field or in laboratory. In terms of CPT,
OCR and K are typically obtained by multiplying the net
cone resistance (g, — 0,0) by an empirical coefficient,
which varies along with the site type. Thus, in engineering
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Table 6 Summaries of cone factor results from several methods

CPTU  Depth (m)  S,ps Suuu Sucu Nups Nwuvu Nucu  Ne Ny Ny Nis
n0. (kPa)  (kPa) (kPa) (Eq. 10)  (Eq. 11)  (Eq. 12)  (Egs. 13 and
15)
Naups Nawvv Nawcu Nau N pu N pu
(Eq. 10) (Eq. 12)  (Egs. 13 and
15)
1 205 +0 78.6 46.9 113.3 6.5 10.9 4.5 - 4.8 11.1 4.7
33 5.6 2.3 7.2 2.1
3 15.1 +5.65 85.0 39.5 123.5 6.8 14.5 4.6 10 12.1 99 5.7
3.4 7.3 2.4 6.1 6.0 3.1
4 19 4+ 15 120.9 53.7 178.9 5.7 12.7 3.8 - 10.4 9.6 5.8
3.3 7.5 2.2 5.7 3.3
5 8.7 + 13.5 76.5 36.2 110.4 9.9 21.0 6.9 - 15.3 9.2 4.2
2.3 49 1.6 5.3 1.6
6 21.7 + 7.1 114.5 51.2 169.1 6.8 15.2 4.6 7.8 12.8 9.7 4.7
2.7 6.0 1.8 39 5.8 2.1

The values in ‘Depth’ column = depth in soils 4 distance between the soil surface to the river surface; the values of S, ps, S, .uu and S, cu are
obtained by direct shear test, UU test and CU test, respectively; the values of Ny, ps or N, ps, Niuu of Ny, uu and Ny, cy or Ny, cu are

calculated from Eq. 13 or Eq. 14 using S, ps, S,.uu and S, cu, respectively

14
Ll w2 | o DMT3
1.0 S fo=0.613(0.5Kp)"" -7
/%= 0. -SKp -
-
- - - 1.8 _®
© o8 0 _paa@Ske) &
N DMTI ~78,/%n _
“ 0.6 x KT
0.4 N _m—-m
.»/'//"f,~ ® S, from UU test
0.2 S /" = 02530.5Kp)" ® S, from DS test
./ T = 0. .SKp) A S, from CU test
0.0 n 1 n 1 n 1 n 1 n 1
1.8 2.0 2.2 2.4 2.6 2.8 3.0
Ky

Fig. 11 Normalised undrained strength versus horizontal stress index

practice, whether there is a reliable value of empirical
coefficient becomes the key point to evaluate OCR or K
using CPT. On the contrary, OCR and K|, can be estimated
directly using DMT recordings. Marchetti [19] proposed
the correlations for deriving OCR and K, from K, in clay

are expressed as
OCR = (0.5Kp)"* (21)
Ko = (Kp/1.5)"* — 0.6 (22)

In sand, CPT and DMT tests seem unable to estimate
these two geotechnical parameters solely. Many efforts

@ Springer

18
16
r Layer 5-1
14} y
12+
& 1oL Layer 4-4
e |
o 8L M =1.104 (¢+-3,)
S Layer 3-1
6 7
® ~ 7 Layer 4-3
- / K
4| Layer4-2 —
7 R
r 7 TLayer 41 — —
2+ /s e M =3.095 (¢+-9,)
L 7~ ~
0 /./ |/ - Llaye:r 372 P B T |

0 2 4 6 8 10 12 14 16 18
Constrained modulus M (MPa)

Fig. 12 Constrained modulus from laboratory tests versus (g, — 6,0)

have been made to estimate OCR and K, directly com-
bining DMT and CPT parameters. Monaco et al. [25]
derived the correlation:

OCR = 0-0344(MDMT/61,)2 —0.4174(Mpur/q,) +2.2914
(23)
Based on a series results of calibration chamber (CC)

test, Balid et al. [4] proposed Ko — Kp — g, correlations
using simple algebraic equations:
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Fig. 13 Constrained modulus from laboratory tests compared with
that predicted from DMT test (using Eq. 18)

Ko = 0.376 4+ 0.095K, — 0.0017¢,/d",, (24)
Ko = 0.376 4+ 0.095K , — 0.00464,/d",, (25)

These two equations were determined as the best fit of
pluviated artificial sand and natural Po river sand, respec-
tively. Marchetti et al. [24] approved this method and
recommended the following values of the last coefficient:
— 0.002 in “freshly deposited” sand, — 0.005 in “sea-
soned” sand. Equations 21 to 25 are the few methods
available to estimate OCR and K, (or at least the shape of
these two parameters profiles) by in situ test. Thus, in
engineering practice, using CPT-DMT correlations
(Q,1 — Kp correlations in this section) can reduce the
amount of workload to conduct two kinds of in situ test to
take Egs. 21 to 25 into application easily and also avoid the
measurement errors caused by soil variability between
different testing locations (although the distance between
testing locations may be small). Robertson [29] provided
Kp—Q,1 and Ep—Q; correlations, which are expressed as
Egs. 26 and 27, respectively.

Kp=0.3(04)"” +1.05 (26)
E

=2 =50, (27)
O-VO

A comparison of these intermediate parameters from
adjacent CPTU and DMT tests in the study area is shown in
Fig. 15. A similar analysis conducted on Ip—I. correlation
was also performed on Kp—Q,; and Ep—Q,, correlations,
and the obtained correlations are expressed as

0.1| 1.=2.05]| | 1.=2.95 [ L5 Telogly (T )
L L =1.9-4.76lo is paper
[[1=2.5-1.5logl (Robertson, 2009)4& ——
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Fig. 14 Summary of measured values from adjacent CPT and DMT
profiles of I, versus I

{ Kp =0.030,,"% +2.05 (South bank) 28)

Ep/d., = 39.810,°%

{KD =17.540,"" +1.19 (North bank) (29)

Ep/dl, = 11.220,,*%°

5 Summary and conclusions

Piezocone penetration tests, dilatometer tests and a series
of laboratory experiments conducted in Haimen-Taicang
river-crossing tunnel project characterised the soil profile
and estimated the primary geotechnical properties of both
onshore and offshore soils. Based on the observations and
analysis presented in this paper, the following conclusions
can be drawn:

1. In the study area, the strata of both two riverbanks and
riverbed has been presented as well as several physical
and mechanical properties of each soil layer. After
comparison, the soils on the south bank of the Yangtze
River are consistent with that on the bottom of the river
and quite different from that on the North Bank.

2. In general, soil classification methods originated from
CPTU parameters seem to be more reliable than that
based on DMT test. Two reasons may explain this:
first, the testing data interval of DMT is larger. In this
paper, silt-sand mixture is the main deposit, large
testing interval brings deviation in matching the drilled
soil layer with the soil layer identified by DMT.
Second, DMT method only divides soils only based on
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Fig. 15 Summary of measured values from adjacent CPT and DMT profiles of K, versus Q,; and Ep/d’,, versus Q,

Ackn

clayey-, silty- and sandy- properties, and could not
identify mixtures of various soils. The g—R; chart has
great performance in soil classification on onshore
soils, and the Q,—B, chart has the highest accuracy in
identifying underwater soil types.

For unit weight, undrained shear strength, constrained
modulus, which can be estimated by both DMT and
CPTU tests, this paper compares the accuracy of
several empirical methods in predicting the above
geotechnical parameters. For practice use, site-specific
verification of each empirical relationship has been
conducted and new forms of these relationships have
been provided to improve the regional applicability.
The correlations of CPTU and DMT data in both
clayey and sandy soils were reviewed in detail. In order
to perform site investigation as correctly as possible,
local correlations between CPTU and DMT results
were developed for further practical use.
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