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Abstract The Standard Penetration Test (SPT) is one of
the most frequently applied tests during the geotechnical
investigation of soils. Due to its usefulness, the develop-
ment of empirical equations to predict mechanical and
compressibility of soil parameters from the SPT blow
count has been an attractive subject for geotechnical
engineers and engineering geologists. The purpose of this
study is to perform regression analyses between the SPT
blow counts and the pressuremeter test parameters obtained
from a geotechnical investigation performed in a Mersin
(Turkey) city sewerage project. In accordance with this
purpose, new empirical equations between pressuremeter
modulus (Ey) and corrected SPT blow counts (Ngy) and
between limit pressure (Py) and corrected SPT blow counts
(Ngo) are developed in the study. When developing the
empirical equations, in addition to the SPT blow counts,
the role of moisture content and the plasticity index of soils
on the pressuremeter parameters are also assessed. A series
of simple and nonlinear multiple regression analyses are
performed. As a result of the analyses, several empirical
equations are developed. It is shown that the empirical
equations between Ngq and Eyq, and Ngy and Pp. developed
in this study are statistically acceptable. An assessment of
the prediction performances of some existing empirical
equations, depending on the new data, is also performed in
the study. However, the prediction equations proposed in
this study and the previous studies are developed using a
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limited number of data. For this reason, a cross-check
should be applied before using these empirical equations
for design purposes.
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Introduction

There are many direct procedures for determining the
strength of rocks and soils (i.e., in situ plate loading test,
dilatometer test, pressuremeter, flat jack test), but these
procedures are both expensive and time consuming, and
they require sophisticated testing equipment and skilled
technical personnel. Due to the difficulties encountered
during in situ tests, various empirical equations have been
developed correlating in situ tests, laboratory tests and the
geomechanical properties of the soil or rock. Numerous
indirect equations have been proposed for predicting the
deformation modulus of rock masses in the literature (e.g.,
Kayabasi et al. 2003; Gokceoglu et al. 2003; Sonmez et al.
2006). Recently, Lee et al. (2010) evaluated the deforma-
tion modulus of cemented sand using the cone penetration
and dilatometer tests. According to their findings (Lee et al.
2010), the deformation modulus of cemented sands is
underestimated when using the empirical relations previ-
ously suggested for uncemented sands. Thus, to obtain
acceptable empirical equations for the deformability
parameters of soils, new empirical equations are necessary,
although it is possible to find various empirical equations
developed for in situ and laboratory tests applied to soils
(for e.g. Akca 2003; Sharma and Singh 2008). However,
there is no commonly used empirical equation between the
Standard Penetration Test (SPT) and the Menard
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pressuremeter test (MPT) parameters. Various tests have
been carried out on Leucate and Dunkerque sands, and
correlations performed by Cassan 1968-1969 have
described an N/Py_ ratio of approximately 5 x 10~2 (Blow
count/kPa) (Baquelin et al. 1978). Other studies have been
carried out on the Devonian marl of Monmouthshire (G.B.)
(Hobbs and Dixon 1969) and on the silty sands of the Blois
region (Waschkowski 1974). A comparison shows that the
coefficients proposed by different researchers have large
scattering. The ratio of N/P; varies between 2 x 102
(Blow count/kPa) and 5 x 1072 (Blow count/kPa). This is
mainly due to the reaming effect. As a provisional rec-
ommendation, it is proposed that the ratio of N/Py, should
be equal to 2 x 1072 (Blow count/kPa) for sands (Baqu-
elin et al. 1978). No relationship is proposed for clays due
to the very large scatter obtained from the SPT blow counts
(Waschkowski 1974; Baquelin et al. 1978). However, the
graphs of the abovementioned empirical approaches (Cas-
san 1968-1969; Hobbs and Dixons 1969; Waschkowski
1976) were given by Baquelin et al. (1978), and the sta-
tistical correlations, equations and regression constants
were not given by the same authors (Baquelin et al. 1978).
In this study, to evaluate these studies with same data on
the graph, regression analyses are carried out, and the
regression constants are determined (Table 1).

A linear correlation is determined between log P; and
Log N, and between Log Ey; and Log N using the results of
a pressuremeter test and SPT applied to a completely
weathered granite of the northern and central parts of Hong
Kong and the southern part of the Kowloon Peninsula
(Chiang and Ho 1980). The relationship between the cor-
rected SPT blow count (N.,) and the pressuremeter
parameters (Ey; and Pp) were investigated, and acceptable
equations were obtained for sandy, silty clayish soils
(Table 2) (Yagiz et al. 2008). Recently, Bozbey and Togrol
(2010) studied the correlations between SPT and pres-
suremeter parameters. The authors (Bozbey and Togrol
2010) emphasised many difficulties arising from the dis-
turbance of the soil, the drainage conditions and the level
of strain during the drilling and testing processes. The
proposed empirical equations for sandy and clayish soils
have high coefficients of determination (Table 2).

For foundation design analysis, pressuremeter tests and
SPTs are widely applied in boreholes. The pressuremeter test
is employed to determine the deformability and the strength
parameters of stiff soil to soft rock. The concept of inflating a
balloon-like device in soil and measuring deformability was
proposed by Kdegler in 1933 (Baquelin et al. 1978). Later, in
1957, Louis Menard developed a device called the Menard
Pressuremeter (Baquelin et al. 1978). The Menard pres-
suremeter consists of three parts: the probe, the control unit,
and tubing (Fig. 1a). Menard Deformation Modules (Ey)
and Limit Pressure values (Py) are determined from graphs
obtained from the measurements (Fig. 1b). Both Ey; and Py,
parameters are used for the calculation of the settlement and
bearing capacity, respectively, of foundation soil. For this
test, various standards are recommended by ASTM (the
ASTM Standard D 4719-87), Eurocode Standards (ENV
1997-3), French Standards (AFNOR NF P 94-110-1) (AP-
AGEO 2006) and Turkish Standards (TSENV 1997-3). The
SPT (Fig. 1c) was developed in 1927 (Bowles 1988). The
related standards for SPT are ASTM D 1586 (Bowles 1988),
BS 1377, Eurocode Standards (ENV 1997-3), and TS 5744
(Turkish Standard). SPT is a dynamic test performed for the
determination of the strength parameters of silty, sandy and
clayish soils and heavily weathered rock units. Raw blow
counts (N) are obtained from the SPT. Then, groundwater
correction, rod energy ratio correction, rod length correction,
sample barrel correction and borehole diameter correction
are applied, and the corrected blow count (Ngp) is obtained.
Pressuremeter test equipment is sophisticated and expensive.
However, SPT is a practical test and is used widely. Both
tests have an important intersection in application area. Thus,
the estimation of the pressuremeter modulus and the limit
pressure from SPT blow counts is useful to investigators.
Estimating SPT blow counts from pressuremeter parameters
may also be possible.

The application direction of the pressuremeter test is
horizontal in a vertical borehole, whereas the SPT is applied
vertically to the ground surface in a borehole. This direction
difference does not create a problem for isotropic soil con-
ditions. Several authors (Leischner 1966; Shields and Bauer
1975) have emphasised that in situ tests in vertical and
horizontal boreholes give similar values of stiffness. Lee and

Table 1 Existing emprical
equations for Py versus N values

Reference Equation Coefficient of

determination
Cassan (1968-1969) Py, = 0.028N — 0.0021 (kPa) R*=0.53
Hobbs and Dixon (1969) Py, = 0.021N + 0.33 (kPa) R*=0.90
Waschkowski (1976) Py, = 0.0561N — 0.092 (kPa) R* =092
Yagiz et al. (2008) P = 29.45N.o; + 219.7 (kPa) (sandy silty clayish soils) R*> =094
Bozbey and Togrol (2010) P, = 0.26Ng;, (MPa) (clayish soils) R*> = 0.67
P = 0.33N%2) (MPa) (sandy soils) R*=0.74
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Table 2 Existing empirical

. Reference Equation Coefficient of
equations for Ey; versus Ng determination
values

Yagiz et al. (2008) En = 388.67Ng + 4554 (kPa) (Sandy silty clayish soils)  R* = 0.83
Bozbey and Togrol (2010)  Ey = 1.61N%p) (clayish soils) (MPa) R*=0.72
Enm = 1.33N%0 (sandy soils) (MPa) R*=082
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Rowe (1989) determined that anisotropy has little influence
on the settlement of vertical loading to the ground surface.
Considering the results of these studies, it is possible to say
that the vertical loading condition of the SPT results and the
horizontal loading condition of the pressuremeter test may
have little effect on the results. This effect could be elimi-
nated with the requirement of the compared tests if the tests
were applied at relatively similar depths.

In this study, data from an investigation of the foundation
of a sewerage station in Mersin City (Turkey) are employed.
The project site is located in the east of Mersin city, Turkey
(Fig. 2). The location plan and a sketch of the drill holes are
shown in Fig. 2. A total of 20 boreholes having a depth of
258.20 m in total were drilled according to the purpose of
the investigation. Both pressuremeter tests and SPTs were
applied in all of the boreholes. In total, 115 SPT and 69
pressuremeter tests were performed in the boreholes. The
number of cases obtained from both the pressuremeter tests
and SPTs is 52. The logs of the boreholes are given in
Appendix A. Measurements show that groundwater level in
the study area is at a depth of approximately 1.5 m from the
surface. Groundwater corrections and other related correc-
tions are applied on the SPT blow counts, and the Neq values
are determined. A series of laboratory tests are also per-
formed on both disturbed and undisturbed soil samples to
determine the properties of the foundation soil.

In situ testing

Pressuremeter tests were carried out using a GA-type
Menard Pressuremeter. The diameter of the test zone was

66 mm. A pressuremeter probe with a diameter of 60 mm
was inserted into the test zone, the selected pressures were
applied, and the corresponding volumetric deformation
values were recorded. To determine the soil elasticity
parameters, these tests were applied at each 1-m zone. A
total of 69 pressuremeter tests were completed. Pressure-
volumetric deformation graphs were drawn, and Menard
Deformation Modules (Eys) and Limit Pressure Values (Pr)
were determined from these graphs. These values were
correlated with the SPT results in the present study. The
histograms of the Eyy, Pr. and SPT (N,,) values are given
in Fig. 3. The mean value of the pressuremeter modulus
(Ey) is determined as 19.42 MPa. The minimum pres-
suremeter modulus value is 2.45 MPa, and its maximum
value is 37.8 MPa. The other parameter obtained from the
pressuremeter tests is the limit pressure. The mean, mini-
mum and maximum values of the limit pressure (Pr) are
1.57 MPa, 0.42 MPa, and 2.8 MPa, respectively. Baquelin
et al. (1978) described the degree of soil consolidation with
the E\/Py ratio as given in Table 3. The mean value of the
E\/Py obtained in this study is approximately 12, which
means that the foundation soil is normally consolidated.
Clarke (1995) described soil consistency while considering
the Ey/Pp ratio. According to this classification, ratio
ranges between 10 and 20 correspond to stiff to very stiff
consistency, while a range of 8§—10 corresponds to a soft to
firm consistency. When considering this classification, the
investigated clayish foundation soil can be classified as
stiff to very stiff consistency with an Ey/Py ratio of 12. As
mentioned previously, the tests were performed at each
1-m zone. However, conducting the SPT and the pres-
suremeter tests in the same borehole sometimes resulted in
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Fig. 2 Location map of study area

revision of the test zones. To avoid disturbing the soil, an
approximately 1-m level difference was kept between the
levels of SPT and the pressuremeter tests. The disturbed
samples obtained from the SPT split barrel were trans-
ported to the EIE soil laboratory daily. The corrected SPT
blow count (Ngg) values vary from 6 to 29. According to
the mean value of Ng values (19), the clayish foundation
material has a very stiff consistency with a 1.5-3.0 kg/cm?
unconfined compressive strength (Terzaghi and Peck
1968).

A series of undrained uniaxial strength tests were per-
formed on the drill core using a hand penetrometer at the
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drilling site. Each uniaxial strength test value was obtained
by averaging five different values taken from the same level
of the drill core. A total of 105 records from different
boreholes were taken and evaluated. The hand penetrometer
test results can be summarised as having minimum, maxi-
mum and mean values of 0.24, 5, and 3.07 kg/cmz, respec-
tively, with a standard deviation of 1.02 kg/cm?. These
results showed that the clayish foundation soil material has a
very stiff or hard stiff consistency (Craig 1987).

To determine the permeability coefficient of soil, con-
stant head permeability tests, following ASTM standards
(ASTM 1994), were applied in the four boreholes.
According to the test results, the foundation material
(clayish soil) is completely impermeable.

Laboratory testing

Laboratory tests were applied on both disturbed (SPT
samples) and undisturbed samples taken from the bore-
holes. All of the samples were labelled and transported to
the laboratory daily. The type and number of the laboratory
tests applied could be summarised as follows: bulk unit
weight (N = 38); sieve test (N = 43); Atterberg limits
(N = 42); natural moisture content test (N = 105); direct
shear test (CU) (N = 38); consolidation test (N = 14); and
triaxial compression test (N = 3). All of the samples were
collected and tested in accordance with the procedures
suggested by ASTM (1994).

The bulk unit weight of fine-grained samples changes
between 16.8 and 19.7 kN/m® with a mean of 18.22 kN/m?
and a standard deviation of 0.79 kN/m>. According to the
grain size distribution curves (Fig. 4), the soil samples
employed consist of 74.9% fine-grained material (<#200
sieve) and 39.5% clay-sized material (USBR 1974). The
fine-grained material is mainly high plastic clay (CH); the
exceptions are 13 samples that are medium plastic clay
(CL), closer to the 50% LL line, and 8 samples that are
high plastic silt (MH) or high plastic organic material (OH)
(Fig. 5). The liquid limits (LLs) vary between 45.5 and
82.9%, while the plastic limits (P;) change between 3.5
and 52.5%. The mean values of the liquid and plastic limits
are 59.81 and 23.44%, respectively. The plasticity index
(PI) ranges between 26.7 and 46.0% with a standard
deviation of 6.4%. Clayish soil can be classified as plastic
to highly plastic soil (Leonards 1962). The majority of the
test results show that the liquid limit is greater than 50%,
which indicates the presence of montmorillonitic clays,
according to Means and Parcher (1963). The results of the
natural moisture content tests show minimum, maximum,
and mean values of 21, 55 and 34%, respectively, with a
standard deviation of 8.19%. The mean activity of the
clayish foundation soil is 1.46 with a minimum value 0.76
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Table 3 Interpretation of consolidation of clay using Ey/Pp ratio
(Baquelin et al. 1978)

Type of the material Clay
Over consolidated >16
Normally consolidated 9-16
Weathered or altered 7-9

Percent finer (%)

0.01 0.1 1 10

Particle size (mm)

100

Fig. 4 The grain size distributions of the foundation clay specimens

and a maximum value of 2.82. According to the activity
classification proposed by Seed et al. (1964), the soil
samples are active clay with a mean value of 1.46.
Skempton (1953) classified soils according to activity. The
activity value of montmorillonite changes between 1 and 7.
The Ca montmorillonite amount increases to approxi-
mately 1; the Na montmorillonite amount increases with an
increasing activity value to 7; the activity of illites is
between 0.5 and 1; and the activity of kaolinite is near 0.5
(Mitchell 1975). According to this classification, the
foundation soil can be classified as Ca montmorillonite. In
addition, the X-ray analysis is applied on the specimen
from the clayey soil studied. The results of the X-ray
analysis show that the specimen is dominantly formed by
the montmorillonite rich in calcium. The results obtained
from both activity assessments and X-ray analysis show a
good accordance.

The mean results of the values determined in situ and in
the laboratory are shown as depth versus parameters
(Fig. 6). As can be seen in Fig. 5, the SPT, Ey, Pr, C
(Cohesion) and @ (internal friction angle) values show a
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Fig. 5 Distribution of the foundation clay on plasticity chart

similar trend, while the moisture content (w %) and plas-
ticity index (PI %) values exhibit an inverse trend. A clear
influence of the moisture content on the pressuremeter
parameters and penetration resistance is observed.

Regression analysis

Regression analyses have been used for a long time in
environmental geology and geotechnics (e.g., Apte et al.
1999; Uddameri 2007; Benavente et al. 2007; Sivrikaya
2008; Iphar et al. 2008; Gunaydin 2009; Yagiz et al. 2009;
Yagiz and Gokceoglu 2010; Chen-Chang et al. 2011). To
conduct a safe regression analysis, our first condition was
to have comparable data, which were obtained from the
same borehole with testing levels at a range of 2 m. Fifty-
two of 113 SPT data and 52 of 69 pressuremeter test data
were selected as comparable data in this manner (Table 4).
As a first stage, regression analyses were performed to
obtain empirical relations between the pressuremeter
modulus (Ey;) and the corrected SPT blow counts (Ngg).
The results of the regression analysis are shown in Table 5.
The equation with the highest coefficient of the regression
between Ngy and Ey; is represented by a power function
(Fig. 7, Eq. 1). For a diagnostic check of this regression
model, a residual analysis is applied (Fig. 8). According to
this analysis, the Durbin Watson value is obtained as 2.238,
and hence, the data exhibit no autocorrelation problem and
no alternating variance problem.
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Fig. 6 Variation of parameters with the depth

En(predicr) = 0.2885 N5 *®MPa (R* = 0.74) (1)

The same procedures are applied for SPT (Ng() values
versus Limit Pressure (Pr) values (Table 6). The highest
coefficient of the regression between SPT and P is rep-
resented by a power function (Fig. 9, Eq. 2). A diagnostic
check is also applied for this model. The Durbin Watson
value is calculated as 2.1 (Fig. 10). Other problems, such

as autocorrelation and alternating variance, are not
encountered.
PL(Predict) = 0.0425 N6](‘)1%5MPa <R2 = 074) (2)

The root mean square error (RMSE) indices and values
accounted for (VAF) are calculated to qualify the predic-
tion performance of the equations for simple regression
analysis, as performed by previous researchers (Alvarez
Grima and Babuska 1999; Finol et al. 2001; Gokceoglu
2002; Gokceoglu and Zorlu 2004; Zorlu et al. 2008; Yagiz
et al. 2009; Dagdelenler et al. 2011). An excellent pre-
diction is represented with 0 in RMSE values and 100% in
VAF values. The RMSE and VAF indices for each equa-
tion are tabulated in Table 7. According to these results
(Table 7), the equation developed from this study gives the
closest RMSE value to 0 and VAF value to 100%. The
equation proposed by Bozbey and Togrol (2010) gives the
second-best results, but the equation proposed by Yagiz
et al. (2008) also gives acceptable results. The measured
and estimated pressuremeter modulus values are shown in
Fig. 11. The visual trend of empirical equations proposed
by Yagiz et al. (2008) and Bozbey and Togrol (2010)
yielded close results.
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Using the Ngy values and the previously proposed
equations for Pp, the P values are predicted. Figure 12
shows a correlation graph of all the empirical equations.
The RMSE indices for each equation are calculated to
make a relative comparison for the prediction perfor-
mances of the existing equations (Table 8). According to
these results, the equation proposed by Bozbey and Togrol
(2010) and Waschkowski (1976) gives the second-best
results, following the equation proposed in this study. It is
possible to state that the other empirical equations also give
acceptable results when considering the RMSE and VAF
indices given in Table 8.

There is a problem in correlating the pressuremeter
parameters with SPT due to the scattering of the pres-
suremeter parameters corresponding to the same SPT blow
counts (Table 4). This problem can be explained by the
behaviour of the soil under the test time; that is, the soil has
a time for deformation during the pressuremeter test, but
the soil could not deform due to the sudden falling of the
hammer and the driving of a head in the soil. Therefore, the
measured blow counts are of the resistance of the soil, not
its deformability and plasticity during the application of the
SPT test. A pressuremeter test takes at least 10 min,
depending on the increasing pressure on the test material.
The selected pressures are applied on borehole walls with
time intervals. Thus, the stress strain and the strength
behaviour of the material are characterised. The behaviour
of the test material is much better determined by the
pressuremeter test than the SPT. Both the moisture content
and plasticity index results of the SPT samples, Ny, values,
pressuremeter modulus (Ey;) and limit pressure values are
graphed, and the curves of each parameter are inspected
with a trendline (Fig. 13). The plasticity index (PI), Ey; and
P; values show the same trend, while the moisture content
values trend inversely with respect to other parameters. As
the moisture content increases, the other correlated
parameters generally decrease. The small changes of
moisture content causes sudden changes of the pressure-
meter parameter and plasticity index values; the SPT blow
count trend line, however, is not influenced, and it trends
smoothly.

The purpose of a pressuremeter test is to obtain the
relationship between the applied pressure and deformation
of the soil, whereas a SPT aims to determine the stiffness
of the soils. Considering the characteristics of these tests, it
is possible to state that the pressuremeter test is much more
sensitive than the SPT in clayey soil. The moisture content
variation influences the pressuremeter test results more
rapidly than the SPT blow counts. These differences arise
from the test time differences between tests. During SPT,
clayey soil does not have enough time to deform. A pres-
suremeter test result is easily affected from the variation of
consistency, and it produces more scattered data. These
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Table 4 The measured soil parameters

Borehole no.  Moisture content, w (%)  Plasticity index, PI ~ SPT (Raw)  SPT (Ngy)  Measured Ey; (MPa)  Measured P (MPa)
ASK-3 37 28.8 15 15 10.70 0.90
ASK-3 31 42.5 19 15 18.40 1.17
ASK-4 32 335 26 18 12.90 1.70
ASK-5 32 32.0 27 19 11.80 1.06
ASK-5 33 9.00 28 19 27.00 1.94
ASK-5 32 44.4 26 18 25.40 241
ASK-6 49 349 8 13 3.00 0.50
ASK-6 33 359 30 20 29.00 1.52
ASK-6 26 433 43 26 26.50 2.11
ASK-7 36 30.2 10 10 9.70 0.49
ASK-7 40 39.3 35 23 14.00 1.18
ASK-7 22 33.8 47 28 31.60 2.70
ASK-8 33 37.1 33 22 23.10 1.62
ASK-9 40 33.0 13 14 14.10 1.12
ASK-9 26 46.0 20 17 23.10 1.90
ASK-9 26 335 36 23 20.00 1.90
ASK-10 26 36.8 45 27 22.10 1.54
ASK-11 37 33.8 25 18 10.50 0.93
ASK-11 36 39.8 41 25 27.50 1.92
ASK-11 24 334 48 28 23.60 223
ASK-12 33 29.0 10 9 2.45 0.45
ASK-12 28 38.0 35 23 28.00 2.27
ASK-14 42 35.0 23 17 18.80 1.50
ASK-14 24 43.5 27 19 29.30 2.11
ASK-14 31 37.0 34 22 29.20 1.67
ASK-14 31 40.6 35 23 12.60 1.33
ASK-15 40 29.0 7 7 3.96 0.47
ASK-15 27 349 29 20 20.10 1.75
ASK-15 27 38.0 50 29 37.80 2.62
ASK-17 50 35.0 13 13 9.05 1.22
ASK-17 35 41.7 48 28 25.00 1.80
ASK-17 33 37.0 50 29 34.00 2.76
ASK-19 42 28.0 6 6 5.00 0.49
ASK-19 41 26.7 11 11 8.00 0.75
ASK-19 40 41.0 32 21 26.00 2.33
ASK-20 49 34.8 19 15 8.30 0.46
ASK-20 55 43.0 41 25 17.40 1.44
ASK-20 32 44.1 50 29 28.20 2.61
ASK-22 42 27.0 9 8 8.85 0.74
ASK-22 28 37.0 29 20 25.10 2.11
ASK-22 26 349 43 26 24.20 2.36
ASK-23 46 26.8 9 9 5.60 0.48
ASK-23 31 38.0 30 20 12.00 1.9
ASK-23 22 38.0 42 26 26.90 1.50
ASK-25 48 274 6 6 3.70 0.48
ASK-25 36 38.5 31 21 15.50 1.15
ASK-25 24 359 37 23 33.10 2.57
ASK-27 45 44.8 36 23 18.50 2.40
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Table 4 continued

Borehole no.  Moisture content, w (%)  Plasticity index, PI ~ SPT (Raw)  SPT (Ng9)  Measured £y (MPa)  Measured Py, (MPa)
ASK-27 30 37.2 50 29 33.10 2.80
ASK-36 43 31.3 8 8 5.60 0.42
ASK-36 29 43.8 39 24 31.60 2.21
ASK-36 36 37.2 41 25 33.10 2.70
Min 22 9 6 6 2.45 0.42
Max 55 46 50 29 37.8 2.80
Average 34.56 35.66 28.94 19.46 19.31 1.59
Std 8.005 6.4 13.88 6.75 9.83 0.75

Table 5 Summary of simple regressions between pressuremeter modulus (Ey;) and corrected standard penetration test (SPT-Ngp)

Linear Power

Exponential

Logarithmic

Ey = 1.2Ngo=3.9 (R* = 0.64) Enm = 0.29N5 (R? = 0.74)

Ey = 2.99¢%0861Na (R2 — 0.69)

En = 18.61n (Ngo)-34.5 (R*> = 0.63)

In the second stage of the statistical studies, the relations

~ = 0.2885N,, .
T 3 E....,..,:;,: o Neo o between the pressuremeter parameters (Ey; and Pp) with
£ 30 the SPT and moisture content are evaluated together. The
-
T » first step is to define the SPT and the w% as the function of
'g' :: pressuremeter parameters:
]
s 10 f(SPT, w) = Ewm (3)
S
w* s f(SPT, w) = Pp. (4)
0
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Fig. 7 Graph showing the relation between Ep—SPT (Ngo)

b=
1]
e
= 2
b=
L1
o
. 02 B ©°
- 1 o & OlD o o
L1} o o o0 o 9750
N G O o %
© 0 ® o §:°
:.g o
]
vE o =] o [+]
c> o o
g~ -1 o
& o
@ - o
S o . o o
@
3 [+] [+]
1=
o 3
L1 T T T T T T T
[+ -4 -3 -2 -1 0 1 2

Regression Standardized Residual

Fig. 8 Residual analysis result for Ey—SPT (Ng) relationship

scattered data allow a detailed inspection of the material.
The direct determination of elastic parameters from pres-
sure—deformation curves also has an advantage with the
pressuremeter test compared with the SPT. Long-term
deformation properties of clayey soils are important for
engineering structures; hence, the pressuremeter test in
clayey soils for geotechnical investigations can be advised.
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A simple regression analysis between the measured
pressuremeter modulus (Ey) with the moisture content
(W%) gives Eq. (5) with a logarithmic relationship
(Fig. 14). The nature of this relationship shows that the
non-linear multiple regression is more suitable than the
linear multiple regression. Similar procedures were
followed by Yagiz et al. (2009); Gokceoglu et al. (2009)
and Dagdelenler et al. (2011) when developing multiple
regression equations.

Ey = —27.72 Inw + 116.8 MPa (R* = 0.41) (5)

The combination of Egs. 1 and 5 can be defined as
follows:

Em = AN§ — Clnw + D

A, B, C and D are the coefficients of the nonlinear
multiple regression equation. The following equation for
predicting the pressuremeter modulus is obtained by
applying a nonlinear regression analysis using a statistical
computer programme (SPSS 2002);

Enm(predicty = 1.24Ngy* — 11.04 Inw + 37.9 MPa (6)

The coefficient of determination (R2) between
Eniimeasuredy and Enjprediciedy from Eq. (6) is 0.72, which
is nearly the same coefficient of determination as Eq. (1)
(Fig. 15).
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Table 6 Summary of simple regressions between limit pressure (Pr) and corrected standard penetration test (SPT-Ng()

Linear Power

Exponential

Logarithmic

Pr. = 0.091Ngo + 021 (R = 0.69) P = 0.043N.7 (R*> = 0.74)

PL = 0.314e05N0 (R2 = 0.73)

P = 1.41n (Ngo)»-2.51 (R*> = 0.66)
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Fig. 9 Graph showing the relation between Py veasurea) and SPT(Ng)

Eni(measurea) = 1 1273E3;008% 1 (R* = 0.72) MPa (7)

The correlation of the measured limit pressure (P) and
the moisture content (w %) gives the following equation
(Fig. 16):

P, =376.46 w — 1.6 MPa (R* = 0.37) (8)

The combination of Egs. 2 and 8 can be expressed with
the following equation:

P, = ANg + Cw° + E (9)

A, B, C, D and E are the coefficients of the equations.
Eq. (10) is obtained by employing a nonlinear statistical
regression analysis.

Py (predicy = 0.03Ng° +108.4 w™MPa (10)

The Py (predgicyy data derived from Eq. (10) and the Py
(measured) values correlated with the basic regression
analysis results in a regression coefficient (R*) of 0.77,
which is nearly the same as the coefficient of determination
of Eq. (2) (Fig. 17).

The third stage of the statistical studies was the incor-
poration of the plasticity index data into the equations. The
correlation of pressuremeter parameters (Ey; and Pp) with
the SPT blow counts, moisture content and plasticity index
data comprises this step. For this purpose, the pressure-
meter parameters are defined as a function of three vari-
ables as follows:

f(SPT, w, PI) = Ey (11)
f(SPT, w, PI) = P (12)
First, the plasticity index is correlated with the measured

pressuremeter modulus data, and Eq. (13) has a coefficient
of determination (Rz) equal to 0.56 (Fig. 18).

i
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Fig. 10 Residual analysis result for  Ppveasuredy=SPT(WVeo)
relationship
En(predicty = 0.00006 PI*MPa (R* = 0.56) (13)

The combination of Egs. (1), (5) and (13) results in
Eq. (14), where A, B, C, D, E and F are the coefficients of
the equation.

Em = API® + CNg + Elnw + F (14)

Performing the nonlinear analysis with three variables
versus the measured pressuremeter modulus gives Eq. (15):

Em(predicted) = 0.68 PI + 0.014Ng"7 — 10.44 Inw
+ 23.82 MPa (15)

The coefficient of determination (R®) between
Engmeasured) a1d Engpredicieay from Eq. (15) is 0.79, which
is greater than the coefficients of determination of Eqs (1)
and (5) (Fig. 19).

Second, the measured limit pressure (Pp) is correlated
with the plasticity index (PI) values. Eq. (16), with a log-
arithmic relationship, is determined from simple regression
analysis (Fig. 20).

PL =4.0882 In PI — 13.058 MPa (R2 = 0.67) (16)

The combination of Egs. (2), (10) and (16) results in the
following equation:

PL(Predicted) = Aln PI + BN6CO + DWE + F (]7)
A, B, C,D, E and F are the coefficients of Egs. (2), (10) and

(16). Performing a nonlinear analysis with three variables
versus the measured limit pressure (Pr) gives Eq. (18):

Py (predicted) = 2.7 In PI + 0.00001Ng5'*®
+52.39 w0 — 58.76 MPa (18)

The coefficient of determination (R2) between
PL(measured) and PL(predicted) from Eq (18) is equal to
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Table 7 The values of the root mean square errors (RMSE) and
values account for (VAF) for the estimated Ey; from the existing

empirical equations

Empirical equation RMSE VAF n

This study 5.65 63.68 52
Yagiz et al. (2008) 9.96 36.04 52
Bozbey and Togrol (2010) 8.99 44.40 52
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0.84, which is greater than the coefficients of determination
of Egs. (2) and (10) (Fig. 21).

Table 9 summarises the empirical equations derived in
this study. The value of regression coefficients approaches
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Fig. 21 Graph showing the relation between Py (veasuredy—PL(Predicted)
with three variables

Table 9 Empirical equations derived in this study

Equation Coefficient of
determination

Enm = 0.285N 0.74

Em = 1.24N%* — 11.04Inw + 37.9 0.72

Enm = 0.68PI — 0.014N2¢7 0.79

— 10.44Inw + 23.82

Pr. = 0.0425N53 0.74

Pr. = 0.03N#% — 108.4w~ 1 0.77

P, = 2.7InPI 0.84

— 0.00001N" + 52.39w %0 4 5876

1 when the plasticity index and moisture content parame-
ters are added to the limit pressure equation, but the same
results cannot be derived for the equations of the pres-
suremeter modulus. The high regression coefficients in all
the equations are noteworthy. In fact, the main parameter
controlling Ey; and Pp is the Ngo. The increase in input
parameters does not dramatically increase the model per-
formance. However, the deformability and strength
parameters of soils are strongly affected by their physical
states. For this reason, the multiple regression equations,
including moisture content and the plasticity index, are
important because they represent the physical state of the
soils. In practical use, the simple regression equation
including only Ngo can be used. However, if the user has
additional parameters, such as the moisture content and the
plasticity index, then the results can be controlled by
employing the multiple regression equations.

Results and discussions

SPT and the pressuremeter test are widely used in in situ
borehole tests. Both tests can be applied to fine-grained
soils. The pressuremeter test can also be applied in other
soils and in poor to good quality rocks. The main role of an
engineer is to solve the problems in the most scientifically
and economically sound way. Therefore, a determination
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of the necessary parameters from the applied tests is both
scientific and economic for an engineer. The main purpose
of this study is to propose empirical equations between Ngq
and Ey; and Ng, and Py as well as to test other empirical
equations related to this subject.

In this study, data obtained from a geotechnical inves-
tigation of a sewerage station foundation in Mersin (south
of Turkey) were used. The foundation area consists of
mainly clayey soils. A series of boreholes were drilled, and
in situ and laboratory tests were performed. The SPT and
pressuremeter test data, which were obtained from the
same borehole and at approximately the same metres of
depth, were correlated statistically. Regression analyses
between E\; and Ngg and Py and Ng, were performed, and
significant results were obtained with high regression
coefficients. The regression analyses were carried out in
three steps. In the first step, Ey; and Ngg as well as Py and
Ngo values were correlated, and a good prediction perfor-
mance was determined. The relationships between mois-
ture content (w%), plasticity index (PI) and pressuremeter
parameters were determined with simple regression anal-
ysis. In the second step of the regression analysis, the
moisture contents were added to the equations as a second
variable with Ng, values, which resulted in a better per-
formance relative to the first step of the statistical analysis.
In the third step, the PI values were also added in the
equations, and empirical equations estimating pressure-
meter parameters from Ng, values, moisture content (w%)
and the plasticity index (PI,%) were developed. All of the
derived equations have high regression coefficients. The
performance of previous empirical equations was also
tested with the SPT blow counts of this study, and the
estimated Ey; and Py values of the previous equations were
correlated with the measured Ey; and P; values of this
study. The results were also found to be within acceptable
limits.

During the correlation of results obtained from two
different tests, one must be aware of the following disad-
vantages: errors arising from technicians (during boring
and testing); differences of testing equipment; calibration
differences of testing equipment; mistakes in the evaluation
of test results; and the different conditions of the soils and
boreholes. Another main disadvantage is the scarcity of
data. Despite these disadvantages, the empirical equations
in this study result in high regression coefficients. To
interpret one empirical equation as the general equation,
countless data must be correlated. As mentioned previ-
ously, all of the SPT and pressuremeter data should be
obtained from nearly the same level, and the same lithol-
ogies must be grouped. The same statistical analysis must
be carried out on these numerous parameters by a group of
experts, and a general equation that could be acceptable by
all engineers must be evaluated. Otherwise, every project
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could produce independent empirical equations derived
from their own data correlations.

The empirical equations presented in this study do not
represent a general correlation equation between SPT and
pressuremeter tests because the amount of data obtained
was limited due to the majority of the soils only being a
part of the CH group. The deformational and mechanical
parameters of the soils are considerably controlled by the
mineralogical and textural characteristics and the water
content. Depending on the water content, the physical state
of a clayey soil can change. For the characterization of the
physical state of the clayey soil employed in the present
study, the PI and water content are used as the input
parameter during the multiple regression analyses. How-
ever, even with the limitations of the approach, the
empirical equations introduced in this study may be useful
for the preliminary design stages of civil engineering pro-
jects. If pressuremeter parameters are needed and only SPT
blow counts are in hand, all empirical equations can be
used, and the E),; and P; values can be derived or vice
versa. However, the obtained results would not correspond
to the exact values of the in situ pressuremeter parameters
or the SPT blow counts. The parameters calculated with
these empirical equations could be used to obtain advance
information about soil conditions.
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