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Abstract

The influence of drainage conditions on cone penetration test (CPT) resistance and the excess pore pressure during cone
penetration in sand and silty sand are examined using field and physical model tests. Drainage can generally occur in
saturated clean sand and silty sand under certain conditions. This work aims to understand and explain the effect of sand
and silty sand drainage conditions on CPT resistance and pore pressure through the coefficient of consolidation (c,) and
penetration rate (v). The physical model test results indicate the significant effect of excess pore pressures and their
dissipation rates, depending on the coefficient of consolidation (silt content) and the penetration rate on cone resistance. For
the same relative density, normalized CPT resistance decreases as there is a reduction in ¢, (or an increase in silt content) or
an increase in penetration rate. The difference in CPT resistance in silty sand is attributed to drainage conditions. Finally,
the results revealed in this study and the field test data reported in the literature were combined to develop an equation for

the effect of drainage conditions on excess pore water pressure and CPT resistance.

Keywords Cone penetration resistance - Normalized penetration rate - Partial drainage - Silty sands

1 Introduction

In practice, many engineers use a repeatable and reliable
cone penetration test (CPT) in the field. However, despite
its widespread application, the influence of partially
drained and undrained penetration on excess pore water
pressure (#) and cone resistance (g.) is poorly known. It
may be argued that if the stress—strain characteristics and
fines content of the two soils are the same, the q. would be
identical in both soils if the penetration rate is fast enough
for partial drainage around the probe to be negligible or
slow enough for fully drained conditions to develop around
the probe. In reality however, even if the stress—strain
characteristics and fines content of the two soils are the
same, the degree of drainages around the probe are not the
same for the same rate of penetration due to critical dif-
ferences in the consolidation behavior of the soils. There-
fore, the excess pore water pressure and penetration
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resistances would be different. Identifying the effect of
permeability, k; horizontal coefficient of consolidation, cy;
and compressibility, m,, in the sand-silt mix is important,
as these parameters play a significant role in generating
pore pressure during CPT penetration. Limited experi-
mental research has been carried out to determine the
effects that fines have on the k, ¢}, and m, of sand [1, 43].
In this study, the undrained, partially drained, and drained
conditions of soil during CPT tests are related to the
parameter T (= vd/c,) involving cp, and the non-soil-
property-related factors, the penetration rate, v, and cone
diameter, d [34]. The coefficient of consolidation can be
interpreted by either laboratory-based tests or in-situ tests,
such as the CPTu pore pressure dissipation test (PPDT).
Moreover, it is also possible to characterize c;, probabilis-
tically [47].

This work aims to examine the effect of sand and silty
sand drainage conditions on pore pressure and cone resis-
tance through the ¢, and v, at different relative densities
(Dy). A group of twelve sets of tests—piezocone penetra-
tion (CPTu), direct push permeability (DPPT), and seismic
piezocone penetration (SCPTu)—was performed side by
side in a soil box with fully saturated clean sand and silty
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sand at 5%, 15%, and 35% silt content. The piezocone
penetration test can not only provide CPT test results but
also measure in-situ pore water pressure. The CPTu test
provides continuous and simultaneous readings of g,
sleeve friction (f;), and u. The SCPTu is an effective testing
tool to measure the shear wave velocity (Vi), which is
closely related to the mechanical properties of the soil.
Duan et al. [10] evaluated the undrained shear strength
from the V; values. In this study, the V data obtained from
the SCPTu tests were used to find the compressibility of the
soil. The DPPT tool is a combination of a specially fabri-
cated cylinder with valve attachment points for water and
compressed gas inlets/outlets, and a screened probe [26].
The DPPT test is used to find the k value of clean sand and
silty sand.

In the first part of this study, the effect of &, ¢y, and m, in
the sand-silt mix was identified by the experimental
research. Then, the combined effect of the ¢, and v on the
penetration process changed from drained to undrained
conditions, particularly in silty sands. It is worth men-
tioning that in this study, 7 is controlled by the soil’s ¢;, and
v for a constant diameter of the cone. In the second part of
this study, four sets of field tests (SCPTu, pore pressure
dissipation, DPPT, and standard penetration) that were
conducted at silty sand sites [12] were examined to
understand the drainage effects for both loose and dense
soil covering higher T values. Finally, the laboratory test
results were combined with data from the field tests to
assess the limit 7" values for undrained (7,,4,) and drained
(Ty,) conditions.

1.1 Basic knowledge of drainage conditions
on CPT resistance

Several researchers have taken into consideration the
drainage condition effect in their experimental
[5, 9, 18, 20, 23, 24, 30, 37] and numerical investigations
[3, 14, 17, 18, 20, 40, 46] by studying the effect of the cy, v,
and d on the cone tip resistance and excess pore pressure
during the cone penetration into the soil. Schneider et al.
[37] found that the overconsolidation ratio and silt content
significantly affected the g. and u. Kim et al. [21] sug-
gested the limiting values of T for drained and undrained
conditions as 0.05 and 10, respectively. Ecemis [14] noted
that the drained condition occurs at 7 < 0.01, and the
undrained condition occurs at 7 > 6. Jaeger et al. [20]
performed centrifuge experiments using 75% sand and
25% kaolin at variable penetration rates. They found the
T for drained and undrained transition points between 0.01
and 20. Oliveira et al. [30] used centrifuge tests performed
at variable v values using a mini-CPT probe and presented
an analytical approach. Their research found the transition

@ Springer

value of T for drained and undrained conditions between 1
and 75, respectively.

Kokusho et al. [23] examined the impact of non- or low-
plastic silt and clay particles on the cone resistance by
using a miniature cone in triaxial equipment. They noticed
that for a given D,, cone resistance decreased, and excess
pore pressure increased as the result of an increase in fines
content. In their research, the d of the cone and v were
small, which may lead to partially drained or even drained
conditions, even if the CPT is performed at the highest fine
content of 30%. Yi et al. [46] reported that the T values for
drained and undrained conditions were 0.1 and 10,
respectively. DeJong and Randolph [8] found T for drained
and undrained conditions between to be 0.3 and 30, while
Mahmoodzadeh and Randolph [28] indicated transition
T values of 0.1 and 10, respectively. In a different D,
Huang [18] provided a qualitative understanding of how
the effect of fines influences the cone resistance in silty
sand. They suggested drained conditions for T at less than
0.04 and undrained conditions for 7 at more than 10.
Ceccato and Simonini [3] found T values for drained and
undrained transition points between 0.2 and 60, respec-
tively. Chow et al. [5] investigated the change in g, in the
sand at various v values using centrifuge piezocone tests.
The results indicated that the g. increases with increasing
v in dense sand but reduces with increasing v in loose sand.

2 Experimental study
2.1 Soil properties

Sand and silt that were used in the experiments were
obtained from the city of Izmir and Kirklareli, respectively.
Based on the Unified Soil Classification Scheme, the clean
sand was defined as poorly graded sand (SP), and the sand-
silt mixture was described as silty sand (SM). Figure la
displays the clean sand and sand-silt mixture’s grain size
curves with silt (fine) contents (FC) of 5%, 15%, and 35%.
The effective particle size (D), the mean grain size (Ds),
the coefficient of uniformity (C,), the specific gravity (Gj),
Poisson’s ratio (v), and the maximum void ratio (e,,x) and
minimum void ratio (e.;,) values of the sand-silt mixtures
are listed in Table 1. Accurate v measurement is compli-
cated in the laboratory due to the bedding errors and system
obedience [27]. Therefore, Suwal and Kuwano’s [41]
method was used to assess the v of silty sands in saturated
conditions.

Each silty sand sample’s en.x and e;, values were
obtained by the method of Lade et al. [25]. The fines
content range investigated in this study is greater than what
is allowed by many standards. Therefore, a nonstandard
procedure [25] was chosen in this study, which had been



Acta Geotechnica

a) 100

-~ 80 +

S

g ey

g 40 & 4 —FC=0%

s s - FC=5%
20 + - —FC=159

- _ FC=15%

o lz==lms ~ FC=35%
0.001 0.01 0.1 1 10

Diameter (mm)

b) 1E01 T
G Rt Tk~
S 1E02 | %
£
il
T 1E03 +
£ 1.E-04 B i LB
= 1E04 TRy
§ OFC=0% — W gy K%
£ 1.E-05 - AFC=5% b
g X FC=15% *
=350
1E-06 - 2FC=35% | % |

0 20 40 60 80
Relative Density, D, (%)

Fig. 1 a Gradation curves, and b variation of permeability with D, at clean sand and sand-silt mix of 5%, 15%, and 35% fines content

Table 1 Physical properties of sand and silty sand

Parameters Silt content (%)
0 5 15 35

G, 2.64 2.64 2.65 2.66
Do 0.17 0.17 0.05 0.005
Dso 0.24 0.22 0.22 0.20
(o 1.50 1.37 4.52 46.67
Cc 1.03 1.07 3.26 4.20
€max 1.00 0.94 0.88 0.83
€min 0.72 0.68 0.58 0.43
v 0.25 0.30 0.35 0.40

successfully used for obtaining the e, x and e, of various
silty sands in the literature [45]. The e« and ey, values
decrease as the fines content increases.

The constant head tests were performed to find the k
values of clean sand and silty sand with 5% FC, and falling
head permeability tests were performed for soils with 15%
and 35% FCs. The results show that the k values of clean
and silty sand are not the same, even at the same D,. The k
of saturated sand containing 5% silt is roughly less than a
half order of magnitude smaller than the k of clean sand;
however, both curves (0% and 5% FC) come close to each
other as soils become loose. The permeability of saturated
sand containing 15% silt is almost two orders of magnitude
smaller than the k of clean sand. The significant drop in the
k value with an increase of FC toward 15% is mainly due to
the reduced pore size within the grain matrix. The mea-
sured k values of clean sand and 5% silt are influenced
relatively less by the change in D, within the studied range,
although less than half an order of decrease in k is observed
with an increasing D,. However, the sensitivity of &k to D, is
more noticeable at FC = 15% and 35%. Hence, for FC =

15% or 35%, the k could range within one order of
magnitude, depending on the D,. The relationship between
k and D, for the soils used in the tests is presented in
Fig. 1b.

2.2 Laboratory testing procedure

For each saturated clean sand and sand-silt mix at different
silt contents (5%, 15%, and 35%), a total of three tests—
(a) CPTu, (b) SCPTu, and (c¢) DPPT—were conducted
inside the rectangular box with a spacing of 40 cm to
examine the effect of c;, (or fines), v, and D, on the excess
pore pressure and the cone resistance. Figure 2 displays the
side view of these test positions. This close spacing
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Fig. 2 Schematic view of CO, and N, gas injection system, and side
view of CPTu, SCPTu, DPPT tests conducted inside the box
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between the tests had the potential to influence the test
results, were there to be any interference from previous
soundings. For instance, the DPPT test could have affected
the cone penetration test results as water is injected to the
soil. To eliminate the possibility of the test results affecting
one another, it was decided that the sequence of the tests
conducted inside the box would be CPTu, SCPTu, and
DPPT.

2.2.1 Soil box sample preparation

The samples were deposited inside a rigid, rectangular
large-scale box that had internal dimensions of 45 cm
width, 163 cm length, and 150 cm height. Three clean
sands (S1 to S3) and nine sand-silt mixtures (S4 to S12),
each of which was 144 cm in height, were prepared inside
the box by the dry pluviation method. With this method,
dry soil is deposited directly inside the box from 10 cm
above the ground surface to diminish silty sand’s particle
segregation [45]. At each fines content (0%, 5%, 15%, and
35%), soil samples were prepared at three different den-
sities (loose, medium dense, and dense).

The sample preparation procedure involved several
steps. First, dry sand and silt were intermixed. Then, the
membrane was placed inside the box. A 3-mm diameter
pneumatic hose was put on the membrane to apply carbon
dioxide (CO,) gas, which has a high water solubility from
the bottom of the soil sample. A funnel was used to slowly
pour the dry soil into a box up to a depth of 144 cm. During
the filling process, the soil was tamped to obtain medium-
dense and dense soils. Throughout the depth, the tamping
was performed at ten different layers. The soil was tamped
from the surface of each layer two and five times to have
medium dense and dense soils, respectively. For each
specimen, the average D, is assessed by recording the
weight of each prepared dry sample and water supple-
mented to the model. It was difficult to obtain constant D,
within the large box throughout the depth. Hence, during
the preparation of the samples, the D, changed slightly
throughout the depth. As it is crucial to find the D, at
specific depths inside the box, the D, values at specific
depths were determined using a different method, which is
explained in the following sections.

The silty sand must be fully saturated. Therefore, CO,
was introduced into the soil for almost 60 min from the
bottom of the soil box to remove the bubbles throughout
the soil. The water was permitted to run from the bottom of
the soil after the percolation of CO, into the box. The entire
volume of water introduced into the sample was recorded
through the sample preparation. A layer of water with a
constant height of 5 cm was maintained above the soil
surface. The schematic view of the homogeneous silty sand
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specimen, CO, tube, and the pressure and heat regulators
are illustrated in Fig. 2.

2.2.2 Piezocone penetration test (CPTu)

A total of twelve CPTu tests were carried out in the box
using clean sand and three different sand-silt mixes at FC
of 5%, 15%, and 35% by dry weight. Using a reaction
frame and hydraulic pushing system, the CPTu tests were
performed at cone penetration velocities from 0.8 to
1.5 cm/sec. The complete CPTu testing system used in the
laboratory was comprised of a cone probe, CPTu rods, a
depth encoder, and a data acquisition system (DAQ). The
probe used in the CPTu tests had a shaft diameter of
35.7 mm and a 60° tip angle. The penetration depth, cone
penetration resistance, and pore water pressure above the
cone shoulder (u,) for each 1 cm of penetration were
digitized inside the probe and transferred to the DAQ.
Before starting each piezocone test, glycerin was used to
thoroughly saturate the porous stone [36].

The percentage of the box diameter to the CPT probe
(Rq = D./d.) is the main factor that affects the cone pen-
etration and pore pressure measurements inside the box. In
this study, cone penetrations were performed along one
concentric circle, with the outer circle being 45 cm from
the box boundary. Using 45 cm as the distance to the side
gives an Ry value of 13 for the cone with a diameter of
3.57 cm. Several researchers [16, 32, 33, 35] have studied
the effects of boundary conditions on CPTu data and
whether the boundary conditions of the calibration cham-
ber can model the in-situ free field conditions. For a rect-
angular box, Gui et al. [16] reported that there was not
much deviation in normalized cone penetration resistance
(gc1nv), as the Ry value exceeded 11. Hence, the limit
conditions of the box can reasonably simulate the free-field
conditions. More details of the effect of boundary condi-
tions of the box on CPTu measurements can be found in
Ecemis [11].

The measured q. values, shown in Fig. 3a-d, need to be
normalized to reflect the soil type and stiffness of granular
soils. In this study, CPTu measurements were obtained at
shallow depths and low effective stress levels of less than
1 atm. Therefore, the normalization equation and stress
normalization exponent, ¢, that was proposed by Olsen [31]
was used to normalize the recorded penetration resistance:

CIC — Oy
c = —c 1
) W
¢ =1—(D,—10%) x 0.007 (2)

)

where G, is the total vertical stress, G, is the effective
vertical stress, and q. is the cone tip resistance in units of
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Fig. 3 Cone tip resistance, excess pore water pressure, relative density, and shear wave velocity of a clean sand, b FC = 5%, ¢ FC = 15%, and

d FC = 35%
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atm. In this study, for a D, of 70% to 21%, the value of
¢ ranged from 0.58 to 0.92, respectively.

2.2.3 Seismic CPTu test

After the CPTu tests, based on the ASTM D5778-12
standard, SCPTu tests were done. The SCPTu tests were
performed 0.8 m away from the CPTu borehole (Fig. 2).
During the SCPTu tests, q, fs, and u, for each 1 cm of
penetration can be measured. However, the particular time
gap to measure V; had the potential to influence the mea-
sured CPT resistance and pore water pressure values.
Therefore, only V; data were taken from the SCPTu tests.
As illustrated in Fig. 4, the seismic cone that was attached
to the classic CPTu probe was pushed into the soil. The
S-plate, which was placed 1 m away from the borehole,
was laterally stroked with a hammer, and the S-waves
transmitted to the seismometer inside the CPTu probe.
The shear wave velocities were calculated with the
cross-correlation method at subsequent depths. The cross-
correlation method uses all shear wave signals to measure
the time at which the low signal is shifted to the high
signal. After shifting entire signals, the sum of the products
of these signals’ amplitudes and the most significant time
shift in the signal time graph was used to calculate the V
[2]. Filtering was used in the cross-correlation method to
avoid unwanted noises in the signals and obtain pure shear
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( L=1.0m
_ l S-Plate _
| S-Via__V/eJ :
i g i
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Fig. 4 Schematic view of SCPTu performed in the laboratory
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waves. Figure 3a-d shows the V values measured at sev-
eral depths for each prepared sample (S1-S12).

2.2.4 Direct push permeability test

Following the SCPTu test, the k values were obtained by
DPPT at the depths where the SCPTu tests were done.
Figure 2 schematically shows the DPPT testing location.
DPPT testing equipment used in the experiments has the
following parts: a specially fabricated cylinder tank with
water and compressed nitrogen gas inlets and outlets, a 60°
tapered tip and a 3.57 cm diameter probe [26], and a per-
forated screen with a length of 45 mm and slit size of
0.3 mm (Fig. 5).

During the DPPT, the cylinder tank was filled with
water, and then water was pressurized from the top by
nitrogen. The water flow rate from the screen was then
recorded manually as water discharge of water to the soil.
The hydraulic conductivity of each sample is determined as
[26]:

0

k =
h 4nAhag

(3)

where Q is the measured volumetric flow, Ah is the excess
head, and a; is the radius of the perforated screen. In this

v

nitrogen gas

Fig. 5 DPPT test performed in the laboratory
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study, ag is 1.44 cm. Additionally, using the relationship
between k and D, (Fig. 1b) for each soil, and the measured
k values at desired depths inside the box, one can obtain the
relative density of the prepared soil sample at specific
depths. As the relative density was obtained from the DPPT
tests, it is labeled as (D,)pppr. The average relative density,
(Dy)ave, Was obtained by recording each prepared sample’s
dry weight and the quantity of water supplemented to the
specimen. Figure 3a-d shows the (D,).ve and (D,)pppr in
each sample at particular depths. To exemplify, the (D,)-
pepr Of the S1-specimen was found at 21% to 29% through
the depth. For this specimen, the (D;),y. obtained was 27%.
These comparisons revealed that the (D,)pppr assessed
from the relationship between k and D, agrees with the
(Dy)ave oObtained by recording the weight of each prepared
dry sample and the water supplemented to the soil. In this
study, the relative density values that are obtained by using
the DPPT tests are used in further analyses.

3 Experimental results and discussion

3.1 Permeability and coefficient of consolidation
in sand-silt mix

It is important to know the effect of k, c,, and m, in the
sand-silt mix to identify the impact of drainage conditions
in generating pore water pressure and cone penetration
resistance during CPT tests. Figure 1b and (D;)pppr
obtained at significant depths inside the box were used
together to determine the k of the prepared sand-silt mix-
tures. The permeability values of clean sand and silty sand
are different at the same D,. Adding 5% silt to the sand
decreased its k value a half order of magnitude compared to
the clean sand (FC =0%) at a given D,. However, k
decreases rapidly as FC in sand increases to 15% and 35%.
The permeability of saturated soil with FC = 15% is almost
two orders of magnitude smaller than the k of soil with
FC = 0%. The permeability ranges mostly within one order
of magnitude from FC 15% to 35% at a given D,. The
reduced pore size is the main reason for the substantial
drop in k values with an increase in FC up to 35%. Fig-
ure 6a shows the variation of k with various D, values at
different FCs. The sand-silt mixture’s ¢, within the box
was calculated as:

k
Ch —
myyy,

(4)

where v,, is the unit weight of water, and m, was derived
from the SCPTu test data as:

C15(1—-2v)

= Vap(i+) G)

v

where p is the density, and v is the Poisson’s ratio of the
soil samples. It is found that m, mostly depends on the soil
fabric and the pore size, not on the FC of the soil. It can be
clearly seen from Fig. 6b that the m, of a different FC falls
into a narrow band, and all calculated m, values are almost
in the same order of magnitude. Bandini and Sathiskumar
[1] and Thevanayagam and Ecemis [43] likewise reported
that changes in silt content up to about 25% silt have a
minor effect on m, values.

The ¢}, of FC = 5% is similar to the clean sand. How-
ever, the ¢, of silty sand with FC = 15% and 35% is much
smaller than the FC = 0% and 5%, even at the same D,.
The c;, reduces by about two orders of magnitude, while the
FC increases to 35% compared to the c, of clean sand.
Figure 6¢ indicates that the change in cy, is directly related
to the change in k as the reduction in k by about two orders
of magnitude also decreases the cy, by about two orders of
magnitude, with an increase in FC up to about 35%. The
difference of c;, between clean sand and silty sand is the
main reason for the difference of induced excess pore
pressure dissipation time. This causes a different drainage
condition, which plays an essential role in the cone resis-
tance. At the same density, the increase of FC significantly
affects the pore size and permeability, leading to a reduc-
tion in c¢,. These findings also align with Thevanayagam
and Ecemis’s [43] studies.

3.2 Effect of D, on excess pore pressure
and cone resistance of clean sand and silty
sand

For the samples with the same FC, the g.;n and Au, values
were discussed by considering the change in D,. At each
sample, the initial penetration is characterized by a para-
bolic increase of the q.;n With depth. After a critical depth
(Zeritical)» the increase in q.qn slows down very quickly, and
the .1~ implies that the soil at the tip of the cone reaches a
steady state condition. The z.;ca depends on the diameter
of the cone, g,,’, and D, of the soil [38]. In this study, for
loose, medium dense, and dense soil deposits, the Z. ical 1S
reached up to roughly 0.04 m, 0.1 m, and 0.25 m depths,
respectively. The g,y and u values that were determined at
depths greater than the z.i.. are used in the correlations.

For the clean sand (S1, S2, S3), the Au, values are not
significantly different, even though there is a change in
(Dy)pppr- However, q.;n changes with a change in (D,)-
pepr- For the dense sample (S3), the u is found negative up
to a depth of 0.4 m, where data are recorded. The measured
negative Au, from dense soil indicates soil dilation during
the cone penetration. For the soils having FC values of 5%
(54, S5, S6), the q. n values at the S5 sample are consid-
erably more significant than the samples S4 and S6. For the
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Fig. 6 Variation of a hydraulic conductivity, b compressibility, and ¢ coefficient of consolidation with D, at different FC

dense sample (S5), the u, is also found to be negative
throughout the depth. For the soils having FC values of
15% (S7, S8, S9), the q.;n values do not change signifi-
cantly, even though the (D,)pppr changes from 25 to 50%.
Moreover, below 0.4 m depth, the (D,)pppr at each sample
is not dense (less than 50%), and the u, values are positive.
For the soils having FC of 35% (S10, S11, S12), the soil
above 0.6 m depth is dense, and the u, values are negative.
For samples S10 and S11, below 0.6 m depth, positive u, is
observed. Hence, the soil shows loose and medium-dense
behavior.

The experimental test results were plotted to understand
the effect of FC and D, on the excess pore pressure
(Fig. 7a) and the normalized penetration resistance
(Fig. 7b). These figures illustrate the data corresponding to
clean sand and three different FCs from 5 to 35%. The
influence of FC and D, seems to have a significant and
complex effect on the u/a,,’. Still, based on Fig. 7a, one
can make general observations. At each FC, the u/o,’
reduces by an increase in D,. Adding 5% silt to the sand

a) 08 7 e FC=0%
AFC=5%
x FC=15%
0.4 | = FC=35%
"8
Boo -
=
<
04 +
A
-0.8 } f } } 1

0 20 40 60 80
Relative Density, D, (%)

increased its u/o,, compared to the clean sand at a relative
density of less than 35%; however, the u/c,,,” decreased as
the soil became denser. Further addition of fines from 5 to
15% had systematically increased the u/c,,” at a given D,
(trend lines shifted upward). One can also observe that the
clean sand curve is crossed by the 5% silty sand curve
around D, of 35%. From an FC of 15% to 35%, an increase
in Au/o,,’ is observed for D, less than 60%; on the other
hand, the Au/c,,” is smaller at D, > 60%.

As shown in Fig. 7b, the cone resistance increased with
an increase in D, for each FC, where trend lines represented
the general growth. The CPT resistance decreases as FC
reduces from 0 to 35% at a given D,. A change in D, of
clean sand from 20 to 40% (loose soil) and 40% to 60%
(medium dense soil) increased the q.;n by a magnitude of
2.1. For FC = 5% and 15%, the increase in q.y is almost
identical to the clean sand’s trend. For FC = 35%, a change
in D, from 50 to 70% (medium dense to dense soil)
increased the q.;ny by a magnitude of about 1.8, which is
less than a lower FCs.

b) 200 ® FC=0:/0 v =0.8-1.5 cm/sec - /
; Eg;?é‘)’ % This study I_f //
m FC=35% //
1-..FC=0°
150 __Fg=(1)5/?)/ Cubrinovski & //
_____ FC '; Ishihara (1999) by
Z
o 100 +
50 +
0 = | : | |
0 20 40 60 80 100

Relative Density, D, (%)

Fig. 7 Experimental test results a u/a,,” versus D,, and b q.in versus D, at clean sand and sand-silt mix of 5%, 15%, and 35%
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The above-determined trends between ¢,y and D, of
clean sand (FC = 0%) compared with the study of Ghali
et al. [15], and a highly similar trend is observed. More-
over, the relationships between q.;n and D, of clean sand
and silty sand having 15% and 35% silts, presented in this
paper, were compared by the data of Cubrinovski and
Ishihara [6] (Fig. 7b). For FC = 0% and 15%, the q. n and
D, relationship obtained in this study show similar curves
as the data observed in the study of Cubrinovski and
Ishihara [6]. However, for FC = 35%, the q.;n values
developed by Cubrinovski and Ishihara [6] at a given D, are
larger than those presented in this paper.

3.3 The Role of the ¢, on excess pore pressure
and cone resistance

Irrespective to D, the T factor delimits the undrained,
partially drained, and drained conditions during cone
penetration to the soil sample. The limits of T values from
drained to partially drained as well as partially drained to
undrained conditions were determined from this study’s
laboratory tests. The test data are presented in Fig. 8a-b to
show the change in Au/o,,” by T and q.;n by T at different
D, of the sand-silt mix. In each figure, the data were
obtained for three different varieties of D, (10% < D,.
< 30%; 30% < D, < 60%; and 60% < D, < 70%). The
T changed with the v, varying from 0.8 cm/sec to 1.5 cm/
sec, and ¢y, varying from 10% to 10° cm?/sec. Only the cone
diameter was constant.

The effect of T has reflected in the Au/c,, by the
change in the ¢, and v. The change of T was examined

from about 0.001 to about 5. For T more than 0.01, we
examined an increase in Au/c,, at each D,. For loose
(10% < D, < 30%) and medium dense (30% < D,.
< 60%) soils, positive Au/c,,,” develops at each T value.
For dense soils (60% < D, < 70%), as T gets smaller, an
extensive amount of negative Au/c,, develops. This
clearly shows the dense soil’s dilative behavior during the
penetration of the cone into the soil. Also, the most sig-
nificant increase with T occurs with D, between 60 and
70%. Figure 8a shows the Au/c,,,” versus T at different D,
of the sand-silt mixture.

Correspondingly, depending on the D, of the soil, we
examined a decrease in q.;n With an increase in 7T values.
At high T values, longer pore water pressure dissipation
occurs, and this cause causes smaller G, around the cone.
With increasing 7, the soil behavior evolved from drained
to partially drained, then undrained. At the given relative
density, the decrease of 7 from 0.001 to 0.01 caused the
minimal change at g.;n, representing a drained penetration
(T4 = 0.01). The increase of T from 0.01 to about 5 rep-
resented the partially drained condition as q.;n reduced
considerably. The rise of T from 5 changed .y in nominal
values, expressing an undrained penetration (7y,g, = 9).
Figure 8b shows the change in q.;ny with T at different D,
of the sand-silt mixture. It can be concluded that instead of
the FC of the soils, T is a more rational parameter to
determine the degree of consolidation during cone
penetration.
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Fig. 8 Physical model test results from drained to undrained conditions: Effects of normalized penetration rate and relative density on a excess

pore water pressure ratio, and b normalized cone penetration resistance
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4 Field study

The effect of T and D, on CPT resistance and the excess
pore pressure response behind the cone tip, which was
determined from this study, were expanded with the field
test program. The field test data were reported and ana-
lyzed in the research project EU-Marie Curie IRG-248218
[13] and Ecemis and Karaman [12]. The details of the tests
are explained in the mentioned studies, but some aspects
were highlighted here.

The test layout, shown in Fig. 9a, applied at 20 test sites
consisted of SCPTu, DPPT, pore pressure dissipation test
(PPDT), and standard penetration test (SPT). As revealed
in the figure, the SCPTu, PPDT, and DPPT tests were
performed on the corners of the triangle grid at 2.6 m
spacing. The SPT tests were performed in the middle of the
grid. Ilustrations of an SPT spoon sample, DPPT, PPDT,
and DPPT data points with corresponding depths of SCPTu
tests are presented in Fig. 9b.

A total of 174 disturbed soil samples were obtained
throughout the depth from the boreholes for laboratory
characterization tests (sieve analysis, hydrometer, and
Atterberg limit tests). Based on the sieve analysis tests, all
the samples fall in the range of coarse to fine sand and silty
sand deposits. As shown in Fig. 10, a total of 25 soil
samples have FC less than 5%; 81 soil samples have FC
between 5 and 15%; 49 soil samples have FC between 15
and 35%; and 19 soil samples have FC from 35 to 50%.
The mean grain size (D) is within the range of 0.08 mm
to 0.55 mm, and the uniformity coefficient is in the range
of 1.17 to 22.14. By using the Unified Soil Classification

100

80

[=2]
o

&

Passing (%)

N
o

0 =
0.001

Sieve Size (mm)

Fig. 10 Grain size distribution curves of the soils from the field
investigation

System, the soil types collected from the field were clas-
sified as nonplastic, poorly graded clean sand (SP), silty
sand (SM), and clayey sand (SC). Moreover, relatively
small interbedded silt mixtures and clay layers were
detected. Fines present in the 92 samples were nonplastic,
and the rest of the samples were low plastic.

Using the equation given by Cubrinovski et al. [7], the
relative density is estimated from the corrected SPT test
blow counts, (N;)g0, for 60% energy efficiency and effec-
tive overburden stress of 100 kPa:

b \/(N1)60(0.43 + 0.0087 FC)"’

11.7 (6)
b DPPT  PPDT SCPTu (=20mmis)
SPT Spoon
Sample
— 7
f% « CPTu Data Paint
W -
% {(1cminterval)
] 7 1.
creen // i
(ot size /; =
0.3mm) ?g ;
IR IRV VA B
AuHime %f fc-depth
e
%% f-depth 3
k-depth %/ i
7 Liy-depth A

MNote: k-depth = hydraulic conductivity versus depth, g -depth = cone
penetration resistance versus depth, fs-depth = sleeve friction
versus depth, u;-depth = pore pressure versus depth,

Au-time = excess pore water pressure versus time

Fig. 9 a Typical test layout at 20 test sites, and b an illustration of a SPT spoon sample, DPPT, PPDT, and DPPT data points with corresponding

depths of piezocone penetration test
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From the field, (N;)eo was measured between 2 and 28,
indicating the D, value of subsoil strata between 10 (very
loose) and 67 (medium dense).

4.1 Coefficient of consolidation in the field

The cy, values for each sample in the field were determined
from: (1) PPDT tests, and (2) combination of DPPT (Eq. 3)
and SCPTu test results (Eq. 5) that were obtained at the
same depths. When the water dissipation was monotonic
and nonmonotonic, the c;, was estimated using PPDT
curves. However, the PPDT tests could not provide a
reliable means of estimating the c, when the drained
response was observed. In those conditions, the DPPT and
SCPTu tests performed in the field were used to find the cy,
of these soils.

From the PPDT tests in the field, two different pore
water pressure dissipation curves were obtained: Type I
and Type II. These curves show the variation of Au,, which
has been normalized by the initial pore water pressure with
time. Both Type I and Type II show characteristics of
undrained to partially drained silty sand soils. As shown in
Fig. 11a, Type I dissipation curves show a monotonically
decrease in pore water pressure, and a 50% dissipation
time, tso, was directly determined using monotonic reduc-
tion curves. The correlation proposed by Teh and Houlsby
[42] was used to interpret the cy, values:

_ Tsor*VI,

150

Ch (7)
where r is the cone radius, I, is the rigidity index, and Tsq is
the nondimensional time factor for a 50% pore water
pressure dissipation. The rigidity index depends on the
cementation effect and the anisotropic macrostructure of
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sediments. The influence of these factors on the value of
initial shear modulus G,,,x had been demonstrated by
Mlynarek et al. [29]. Hence, in this study, I, of the soil is
estimated by the equation proposed by Krage et al. [22]:

Gmax 0.79
I = < o > 0.75 (3)
o)\ [0.335]

vo

The G,.x Wwas evaluated from the Vg and density cor-
relation. The V values were determined from the SCPTu
tests. Type II curves are nonmonotonic dissipation curves
that show an initial increase and then a decrease in pore
pressure. Sully et al. [39] proposed a solution to obtain the
tso for Type II curves, which show that the pore pressure
distribution increases in a positive direction. They ignored
the increase in pore pressure distribution part and focused
instead on the reduction in pore pressure distribution.
Hence, the tsq calculations did not consider the influence of
the initial excess pore pressure. Later, Chai et al. [4]
investigated tsy by considering the effect of the initial
increment in a positive direction. They proposed an
empirical formula to get the corrected value of tsy from the
nonstandard dissipation curve. In this study, Chai et al.’s
[4] method was used to determine the corrected time of tsg
for nonstandard curvatures, as shown in Fig. 11b, which
have increments in both negative and positive directions:

Is0
0T 03 ©)
185 (%) ()

where t, max 1S the time for maximum excess pore water
pressure that was obtained between 30 and 150 s.

(t50).=

o
~
(3]

I Typell
Non-monotonic
" dissipation curves

o~

w
|
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Pore pressure dissipation,
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=) N

100
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Fig. 11 Two types of pore pressure dissipation curves for undrained to partially drained dissipation; a Type I, and b Type II obtained from PPDT
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Table 2 Coefficients for a given relative density an drainage conditions

Drainage condition 10 < D, < 30 30 < D, <60 60 <D, <70
C, C, C &) C, G,
Auloy, Drain loading (T < 1) 0.005 — 0.579 0.009 — 0.535 0.032 — 0.186
Partial drain loading (0.01 < T < 10) 0.036 — 0.447 0.075 — 0.255 0.104 0.091
Undrain loading (10 > 7) 0.001 — 0.275 0.016 — 0.061 n/a n/a
Qein Drain loading (T < 1) — 0.869 23.000 ~2.129 64.53 — 2274 94.827
Partial drain loading (0.01 < T < 10) — 2.009 17.358 — 8.547 30.79 — 12.580 41.624
Undrain loading (10 > T7) — 0.156 13.468 —0.324 16.45 n/a n/a
5 Experimental test results with the field Au_ o (1) + C (10)
test data ens o =+ 2

The field and physical model test results were plotted
together in Fig. 12a-c to understand the variation of Au/
Oy, and qcin, With a log-T for three distinct ranges of
relative densities, from fully drained to undrained condi-
tions. For ranges of D, from 10 to 30% (loose soil), u/a,’
slightly increased and q.;n slightly decreased, with an
increase in T values (Fig. 12a). For D, ranges from 30 to
60% (loose to medium dense soil) and from a T of 0.01 to
10, the u/o,, increased and q. n decreased considerably
(Fig. 12b). For ranges of D, from 60 to 70% (dense soil),
Avu/c,, and q.y significantly changed, with an increase in
T values between 0.01 to 10. As shown in Fig. 12c, at D,
ranges from 60 to 70%, only one data component was
obtained from the field, and the rest of the data and trend
was gained from the tests performed in the laboratory.

In general, for each relative density range above the T of
10, not much change was observed in Au/G,,” and q.|n
with an increase in T. These results indicate that the Typqr,
which is the transition value of T from the partially drained
to undrained response, is 10. The fines cause undrained
conditions during penetration into the fine-grained soils.
Ecemis [14] and Huang [18] also showed that low ¢, (high
T) is the main reason for lower effective stress at the cone
tip in the sand with fines than in clean sand at the same D,.
Similarly, below a T of 0.01, the q.;n and Au/G,,,” did not
change with a decrease in T. These results indicate that Ty,
which is the transition value of T from the drained to
partially drained response, is 0.01. These results imply that
at different D, values, the effect of T agrees perfectly well
with the impact of penetration on the CPT resistance and
excess pore pressure response.

Using the above field and laboratory test data, a loga-
rithmic relationship was developed at drained, partially
drained, and undrained conditions at different D, ranges:

vo

where C; and C, are curve fitting coefficients that vary
with the range of D, and drainage conditions. The values of
these coefficients are given in Table 2.

The limit T values found in this study for drained and
undrained conditions during cone penetration were com-
pared to other researchers [3, 8, 14, 18, 20, 21, 28, 30, 46].
Based on these researchers’ findings, the drain and undrain
boundary ranges were determined between 0.01 to 1, and 6
to 75, respectively. These limit ranges suggested by several
researchers are reasonable when the results reported in this
study are considered.

6 Conclusion

In this study, the sands and silty sands at different FCs (5%,
15%, and 35%) were prepared inside the rectangular large-
scale soil box. Then, a group of twelve sets of tests (CPTu,
SCPTu, and DPPT) were performed at different v, cy,, and
D, to understand the drainage conditions on u and q.N. The
experimental test results have yielded the following sig-
nificant findings:

In the first part of this study, the influences of D, and FC
on permeability, coefficient of consolidation, and com-
pressibility were assessed to understand drainage condi-
tions’ effect on pore water pressure and cone penetration
resistance during CPT tests. At the same density, the
increase of FC over 5% significantly affects the pore size
and permeability, and m, is not greatly dependent on the
FC of the soil. Hence, the change in cy, is directly related
to the change in k. At different FCs, the difference of c;,
is the most important reason for the different drainage
conditions, which plays a vital role in the u development
and gern.
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In the second part of this study, the influences of D, and
FC on the Au/c,, and q.n were assessed. Relative
density and FC are shown to have a significant and
complex effect on the Au/G,,” values. The u is negative
for dense soil, indicating soil dilation during the cone
penetration process. At each FC, the Au/o,,,” reduces by
an increase in D,. Adding 5% silt to the sand increased
its Au/c,,,” compared to the clean sand at a D, less than
35%; however, the Au/c,,” decreased as the soil became
denser. The further addition of fines from 5 to 15%
shifted trend lines of Au/c,,” upward; however, at more
than 15% FC, we examined an increase in Au/c,, for
D, < 60%. As it is well known, for each FC, q.n
increased with an increase in D,. At a given D,, the q.1n
decreased, with an increase in FC from 0 to 35%.

In the third part of this study, q.;n and Au/c,,” were
examined over different T values with different relative
densities. The T changed with a change in the cone
penetration rate and the coefficient of consolidation. The
laboratory test results show that positive Au/cy,,” devel-
oped at each T value for loose and medium-dense soils.
For dense soils, as T gets smaller, an extensive amount of
negative Au/c,, was measured. Compatibly, when T
increased, q.;n decreased for the soil at the same D,. The
reduction in .y at dense and medium-dense soil is
more evident than the reduction in loose soil.

In the fourth part of this study, the test results revealed
from the laboratory were extended with the field test
program performed by Ecemis and Karaman (2014). In
the field tests, the T values changed only with a change
in the cy,. The field test results clearly showed that c, is
very low in silty sand, and high excess pore pressure that
occurs during penetration caused the dissipation time to
take longer. This difference in sand and silty sand is the
effect of drainage conditions.

The laboratory and field results revealed that T is a more
consistent parameter than the fines to determine the g
and u from the drainage conditions. In addition, T can be
used to determine the drained, partially drained, and
undrained responses during penetration of the cone into
the soil. Under different D,, the limits of T are quantified
as follows: (1) the transition from partially drained to
undrained penetration occurs around T,,q = 10, since
dein and /o, almost stabilize at this value, and (2) the
transition from partially drained to fully drained condi-
tions occurs around Ty = 0.01 due to a slight change in
gein When T is smaller than 0.01. Finally, a general
equation is developed to determine the q.;y and Au/o,,’
from the drainage conditions and relative density.
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