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Abstract: One of the most important parameters used to determine the dynamic properties of soil
layers is the shear wave velocity. In geotechnical earthquake engineering, the shear wave velocity
is used to determine the shear modulus, which provides the input parameters for the design of
earthquake-resistant structures. Although there are measurement methods used in field studies to
determine the shear wave velocity, they may not be economical in some cases. In this study, the
empirical correlations between the shear wave velocity and penetration resistance in sandy soils
were investigated with the use of geotechnical and geoseismic data obtained within the scope of
microzonation studies performed in the Canakkale residential area. The results of the study were
compared with correlations obtained from previous studies, and the equation we produced showed
a good ability to predict the shear wave velocity. In addition, it was determined that standard
penetration resistance, without energy correction, provided a better correlation coefficient.

Keywords: shear wave velocity; standard penetration test; seismic refraction; correlation equation;
Canakkale

1. Introduction

Earthquake damage generally occurs in structures built on soft sediments rather than
firm bedrock. The most important factors that cause structural damage as a result of the
seismic waves produced by earthquakes are the behavior and engineering properties of the
layers in the soil profile where the building foundation is located. Whereas the amplitude
of seismic waves increases as the seismic waves move through soft soils, the amplitude
decreases in firm soils. The increase in the amplitude of seismic waves is defined as soil
amplification. As the amplification effect of soil is a very important feature in terms of
soil-structure interactions in earthquake-sensitive areas, it is extremely important to know
the dynamic behavior of soils when designing earthquake-resistant structures. Seismic
methods are used to determine these features in situ. These methods include generating
elastic waves at small deformation levels, where soils exhibit elastic behavior, and detecting
velocities from wave arrival times. As the wave propagation speed depends on the physical
properties of the ground, the obtained seismic waves can provide information about the
dynamic behavior of the soils. If the wave propagation velocities of the layers in any
soil section are known, then other parameters showing soil behavior can be found based
on these velocities. Through the use of seismic methods, the shear wave velocity (Vs)
is measured at low deformation levels in the field. The shear wave velocity is a very
important parameter in the field of geotechnical earthquake engineering. It is one of the
most important input parameters for representing the stiffness of the soil layers [1-8].
Additionally, important engineering features in the ground, such as the small-strain shear
modulus (Gmax), can be determined [9-16]. The small-strain shear modulus is calculated
according to the following equation:

Gmax = r)/VSZ (1)
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where 7 is the total mass density of the soil.

However, there are several methods of measuring the shear wave velocity, which
include both field and laboratory tests. The field tests have many advantages over the
laboratory tests and are always preferable [14]. Field tests, such as the seismic reflection
test, seismic refraction test, spectral analysis of surface waves (SASWs) test, multichannel
analysis of surface waves (MASWs) test, and seismic cross-hole test are commonly used
to determine the shear wave velocity [2]. The shear wave velocity determined via seismic
methods can also be identified using the standard penetration test (SPT) blow count (SPT-
N), for economic reasons. There are often difficulties in determining the V; value for every
location in the field, and overcoming these difficulties incurs both time and economic losses.
Chatterjee and Choudhury [2] state that the determination of the shear wave velocity in
the field is not often economically feasible in urban areas for microzonation studies. This
is also due to the nonavailability of the free space that is necessary as per the technical
requirements for such field tests. In addition, Chatterjee and Choudhury [2] noted that
these tests are also not used, or are avoided, by many soil investigation agencies due to
cost considerations, a lack of specialized personnel, and the high noise levels caused. For
this reason, reliable empirical relationships between the SPT blow count (SPT-N) and V
values are often preferred to speed up studies [1-8,17].

Canakkale, located in the northwest of Turkey, is one of the cities that has undergone
rapid development in the last 15 years (Figure 1). During this rapid development, danger-
ous land with liquefaction potential has been zoned for development, often without urban
planning, and without any soil stabilization precautions taken.
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Figure 1. Location map of the study area.

The Canakkale residential area is largely located on Quaternary alluvial deposits
carried by the Saricay stream. The average groundwater level in the alluvial deposits is
approximately 2 m in Canakkale city center. Canakkale Province is located in an area of high
seismic activity, according to the Turkey Earthquake Hazard Map [18]. The Municipality
of Canakkale aimed to detect areas where soil stabilization should be implemented, by
examining the ground conditions in the Canakkale settlement area. For this purpose, a
microzonation study was performed in the Canakkale settlement area. Microzonation is a
detailed and multidisciplinary study that aims to divide the area of study into zones with
respect to its geological, geotechnical, geophysical, and geometrical characteristics, and to
provide reliable maps of seismic ground-shaking parameters, considering local site effects,
as well as induced hazards, such as liquefaction and landslides. A detailed microzonation
study provides the basis for an advanced seismic risk assessment of an urban area, and for
earthquake design considerations in new engineering projects [19].
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Within the scope of this study, both geotechnical borehole studies and geophysical
studies were carried out. In the geotechnical borehole studies, soil samples were taken with
an SPT sampler and Shelby tube, the SPT test was applied, and the static groundwater level
was identified. Within the scope of the geophysical studies, shear wave velocity data for
the Canakkale settlement area were obtained via the seismic refraction method and multi-
channel surface wave analysis (MASWs) studies. Based on the results, the engineering and
seismic parameters for the ground in the Canakkale settlement area were determined, the
liquefaction potential was examined, and the areas where precautions must be taken were
identified [20].

The main purpose of this article is to develop a regression equation between V
and SPT-N as a result of the geotechnical and geophysical studies carried out on alluvial
deposits in the Canakkale settlement area. More than two-thirds of the geotechnical
borehole studies, seismic refraction, and MASWs studies carried out within the scope of
the microzonation studies were performed on alluvial deposits. Statistical evaluations were
made between the uncorrected SPT-N blow count and the corrected SPT-N(Ngg) blow count
and shear wave velocity (Vs). Based on statistical evaluations, empirical equations were
developed to estimate Vs from the SPT-N blow count and the SPT-N(Ngg) blow count, and
the predictive ability of these equations was compared with that of equations proposed in
previous studies.

2. Previous Studies

The soil amplification effect in settlement areas close to active fault zones is an extremely
important feature in terms of soil-structure interactions. Engineers design earthquake-resistant
structures by considering the dynamic behavior of the soil. Therefore, the determination of
the shear wave velocity (Vs) of the soil has gained great importance. Over the years, many
researchers have studied the relationship between the standard penetration resistance (SPT-N)
of soil and geological age, and the soil type is often used by researchers to develop correlations
between the shear wave velocity and the N value [21-26]. Additionally, Imai [22] reported
that sandy soils showed a better correlation and higher velocities than cohesive soils.

Sykora and Stokoe [27] stated that the geological age and class of the soil did not
determine the shear wave velocity effectively and that the important parameter was the
SPT-N value. lyisan [28] examined the correlations between SPT-N and V; for all soils,
sandy soils, and clayey soil types. The study was conducted in an earthquake-sensitive
region in eastern Turkey. According to the results of the study, approximately similar Vs
values were obtained for all soil types (except gravel soil). Hasancebi and Ulusay [29]
produced empirical equations for all soils, sandy soils, and clayey soils, using 97 data
pairs (Vs and SPT-N) in the Yenisehir district in the Marmara Region of Turkey. They also
compared these empirical equations with previous studies. Ulugergerli and Uyanik [30]
investigated 327 test sites in western Turkey, with predominantly clay-silt-sand—gravel
deposits. Exponential curve fitting was used to identify the upper and lower bounds for
the correlation between seismic velocities with SPT-N and the relative density.

Hanumantharao and Ramana [31] measured shear wave velocity profiles in the field
at more than 80 borehole locations, using the spectral analysis of surface waves (SASWs),
in the Delhi residential area (India). The authors stated that the results presented in this
study could be used in microzonation studies and site-specific ground response analyses in
Delhi. Dikmen [32] carried out shear wave velocity and standard penetration test studies
in a part of the Eskisehir settlement area in Turkey. As a result of these studies, empirical
equations for SPT-N and V; were obtained for all soils, sand, silt, and clay. To investigate the
predictive capability, these correlation equations were compared with previously suggested
equations. Maheswari et al. [1] investigated the development of empirical correlations
between Vs and SPT-N for different categories of soil in Chennai city, characterized by
complex variations in the soil conditions. The extensive shear wave velocity measurement
was carried out using the multichannel analysis of surface waves (MASWs) technique
at sites where the SPT-N values were available. In addition, correlations between the
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energy-corrected and -uncorrected shear wave velocity and SPT-N for all soils, sandy soils,
and clayey soils were analyzed by the researchers. Akin et al. [33] examined the empirical
correlations between the shear wave velocity and SPT blow counts, in order to characterize
shear wave velocity profiles in Erbaa in northeast Turkey.

Mhaske and Choudhury [17] developed a correlation between the SPT-N value and
the shear wave velocity (V;) for various soil profiles in the city of Mumbai and compared
it with other correlations available for different cities in India. In addition, a geospatial
contour map of the shear wave velocity profile, with contour intervals of 25 and 50 m/s, was
prepared for the city of Mumbai using geographic information systems (GISs). Chatterjee
and Choudhury [2] proposed a modified advanced approach for the city of Kolkata (India),
to obtain the shear wave velocity profile and a soil site classification using regression and
sensitivity analyses. Using the 434 boreholes in this study, the main soil types in the city
of Kolkata were found to be clay, silt, and silty sand. Esfehanizadeh et al. [3] investigated
the SPT and shear wave velocity of soil in several coastal cities on the Caspian Sea. In this
study, downhole tests were performed to calculate the shear wave velocity profile in all the
study sites using the same borehole and, in some cases, drilling a new borehole. After that,
the data were analyzed, to determine the correlation via a suitable statistical method. The
results indicated that the obtained relationship is suitably compatible with the universal
practical relationship presented for sandy soils, and is approximately at the upper limit of
the relationship.

A new empirical formula that can be used to correlate the SPT-N and V; values for
the typical soil materials encountered in north Florida was suggested by Fatehnia et al. [4].
Soil classification information, the shear wave velocity (derived via the MASWs method),
and SPT-N values were gathered from four geotechnical and geophysical investigations
conducted in this region. Through the employment of the M5 model tree algorithm, the
relationship between the Vs and SPT-N values was predicted using the collected dataset.
The accuracy of the new proposed equation was determined through the measurement of
the correlation coefficient. The proposed correlation was also compared with previously
suggested formulas for V determination through the measurement of the root-mean-square
error of each formula. Kirar et al. [5] examined the development of a reliable correlation
between Vs, measured via a multi-channel analysis of surface wave tests, and N, measured
via SPT at various sites in the Roorkee region. These tests were carried out at ten different
sites in Roorkee (within a radius of 30 km). Additionally, based on statistical assessments,
an empirical correlation between Vs and N was developed for all types of soils, sand, and
clay. Empirical equations for the Vs and SPT-N values in different soil types in different
regions of the world were examined by Sil and Haloi [6]. These equations were selected
separately, and statistical regression analyses were carried out to develop new common
correlations for each type of soil. The newly developed equations had best-fit curves with
very high R? values, along with minimum variance.

Ataee et al. [7] investigated the correlation between the shear wave velocity and
standard penetration test blow counts in all soil types, gravelly soil, sandy soil, and clayey
soil for the city of Mashhad in the northeastern region of Iran. The Vs data used were
measured via the downhole method in 88 boreholes. The obtained results showed that the
N-value played a critical role in the estimation of Vg, and the soil type was less effective in
this regard. There was a relative similarity between the regression equations obtained in
this study and those previously published. Shukla and Solanki [8] investigated generalized
correlations between the shear wave velocity and SPT-N values for all soil types at a
generalized depth, using the concept of regression. Soil profiles taken as input for analysis
were collected from 245 boreholes in the Madhya Pradesh region (India). The researchers
stated that multiple linear perceptron and generalized regression neural network models
using MATLAB coding gave better results than linear regression analysis, when applied to
site-specific ground response analysis.
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3. Geology and Seismotectonics of the Study Area

The Canakkale settlement area is located in clastic formations and alluvial deposits
deposited during the Middle Miocene—Pliocene. The clastic formations are defined as the
“Canakkale Group” [34]. The Canakkale Group consists of four litho-stratigraphic units.
However, the study area consists of the Gazhanedere and Alcitepe Formations (Figure 2).
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Figure 2. Geological map of the study area.

The Gazhanedere Formation is located in the southeast of the study area. It consists
of sandstones and conglomerates belonging to longitudinal and transverse bar deposits,
and reddish-grey mudstones forming floodplain deposits [35]. The Alcitepe Formation is
seen in the north of the study area. It generally consists of sandstone, mudstone, sandy and
clayey limestone, and marl [36].

Approximately two-thirds of the Canakkale residential area is constructed on soft
Quaternary alluvium deposits carried by the Saricay stream. The Saricay stream flows from
east to west in a perpendicular direction towards the Canakkale Strait (Dardanelles) and
divides the city into two regions. Cross-section lines showing the lithological properties of
the investigation area are given in Figure 3a,b.
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Figure 3. (a) Geological cross-sections, and (b) selected engineering logs illustrating the lithology,
50 SPT-N values and Vs measured via MASWs tests in the study area.

There are fault zones in Turkey that have triggered many destructive earthquakes, past
and present. The most important fault zone in Turkey is the North Anatolian Fault Zone
(NAFZ). The NAFZ is a right-lateral strike-slip fault, with a total length of approximately
1600 km [37]. Canakkale Province is located between the central branch of the NAFZ,
known as the Saros—Gazikoy Fault located at the westernmost end of the NAFZ, and the
southern branch of the NAFZ, also known as the Yenice-Gonen Fault, located on the Biga
Peninsula (Figure 4).
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Figure 4. Active tectonic map of the Biga Peninsula [38].
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In the middle of these two branches, the fault zone known as the middle branch of
the NAFZ is located, and it passes through the Kapidag Peninsula, Can, and Bayramic
districts. The Saros—Gazikoy Fault, Etili Fault, Can—Biga Fault Zone, Sarikoy Fault, and
Yenice-Gonen Fault are located within the provincial borders of Canakkale. Tunusluoglu
and Karaca [39] stated that the closest fault to the Canakkale settlement area is the Saroz—
Gazikoy fault, and the earthquake magnitude it can produce may reach M,, = 7.5, with the
highest horizontal ground acceleration value of 319 gal (0.325 g). Based on the Earthquake
Hazard Map of Turkey, Interactive Web Application [15], the peak horizontal ground
acceleration value identified for the Canakkale settlement area is 0.305 g (repetition period
of 475 years).

4. Geotechnical and Geophysical Evaluations
4.1. Field Studies

Within the scope of microzonation studies in the Canakkale settlement area,
151 geotechnical boreholes with a total depth of 3000 m were drilled, in order to determine
the engineering properties of the soil (Figure 2). During the geotechnical borehole stud-
ies, disturbed and undisturbed soil samples were taken for laboratory testing, and static
groundwater level measurements were performed [20]. The SPT test [40] was performed
every 1.5 m. The depth of the groundwater level in alluvial units varied between 0.6 m and
9.9 m. However, the depth of the groundwater level in the city center was generally around
2.0 m. The Alcitepe and Gazhanedere Formations within the study area were defined as
rock mass. The borehole and seismic refraction locations in these formations were excluded
from the study area. Quaternary alluvial deposits are observed in the center, east, north,
and south parts of the Canakkale settlement area. The alluvial deposit in the north was
excluded from the study area, due to the presence of thick pebbly levels. The liquefaction
severity index (Ls) was found by Tunusluoglu and Karaca [39] to be moderate for this
alluvial deposit.

The alluvial deposits in the study area were generally defined as sandy soil (SP, SW,
SC, and SM) and, rarely, clayey bands were observed. In some parts of the alluvial deposits,
the SPT-N blow count was determined as 10 between the surface and a depth of 5 m, but
the SPT-N blow count increased at deeper depths, and the alluvium was defined as loose
to partially dense. The average SPT-N blow count was between 10 and 25 at depths from
10 to 20 m in the borehole (Figure 3b).

4.2. Laboratory Studies

In order to determine the physical properties of the alluvial deposits in the central,
eastern, and southern regions of the Canakkale settlement area, soil mechanics tests were
performed on disturbed samples taken from the boreholes (Table 1). Laboratory studies
were performed, following the methods defined by the ASTM [17]. The upper levels
(1.5-3.0 m) in some locations in the alluvial deposits consist of clayey alluvial soil, while
the lower levels consist of coarse-grained sandy alluvial soil. The unit weight values of
the clayey soil in the alluvial deposit were determined based on undisturbed samples
taken from 1.5 to 3.0 m depths. The fine-grained alluvial soil in the study area consists
of, on average, 1.4% gravel-, 21% sand-, and 77.6% silt- and clay-sized soil. The coarse-
grained alluvial soils in the study area consist of sand-sized soil and generally constitute
alluvial soil below a 3.0 m depth. The coarse-grained alluvial soil consists of, on average,
3% gravel-, 85.3% sand-, and 11.7% silt- and clay-sized soil (Table 1). According to the
grain-size analysis, 83.6% of the samples are coarse-grained soils, and 16.4% of the samples
are fine-grained soils (Table 1).
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Table 1. Geotechnical properties of the Quaternary alluvium in the center, eastern, and southern
sections of the city of Canakkale.

Properties

Nat. water cont., wy, (%)
Unit weight vy,
(kN/m?3)

Liquid limit, LL (%)
Plastic limit, PL (%)
Plasticity index, PI (%)
#4 sieve (%)

#200 sieve (%)

Fine-Grained Soils (ML, CL, MH, and CH) Coarse-Grained Soils (SC, SM, SP, and SW)
Sample Count Min Max Mean SD SE Sample Count Min Max Mean SD SE
155 9.6 67.6 283 893 072 - - - - - -
27 18.13 2141 1838 0.61 0.12 - - - - - -
149 24 735 478 1184 097 35 235  56.5 32.3 6.16 1.04
149 17 295 234 446 037 35 146 293 17.7  3.34 0.56
149 7 44 22.4 8.31 0.68 35 8.9 27.2 147 3.90 0.66
156 0 53 14 144  11.09 798 0 43.6 3 5.93 0.21
156 512 964 776 11.09 0.89 798 0.2 49.5 117  9.38 0.33

4.3. Geoseismic Investigations

Within the scope of the geophysical studies in the microzonation study [20], 105 seis-
mic refraction measurements with different profile lengths were taken in the Canakkale
settlement area (Figure 2). The MASWs studies were carried out at the same locations as
the seismic refraction profiles. The seismic recording data were filtered, corrected, and
evaluated via inverse analysis, using a computer program, and the V; velocities varying
with depth were determined (Figure 3b). Within the scope of this study, the seismic refrac-
tion profiles at almost the same locations as the boreholes were examined, and the shear
wave velocity (V) data, which were compatible with the SPT blow count, were used for
the proposed empirical correlation.

5. Materials and Methods
5.1. Empirical Calculation of the Shear Wave Velocity (V)

For the shear wave velocity (V) determined using the SPT-N blow count, many
studies were carried out for different soils, and empirical approaches based on the SPT-N
blow count have been produced [1-8,17,21-33,41-56]. These empirical approaches consist
of equations using the uncorrected SPT-N blow counts, as well as equations using the
energy-corrected SPT-N(Ngp) blow counts. While previous studies generally examined
the relationships between the Vs—SPT-N measurements for all soils, in this study, only
the relationship between the V;—SPT-N measurements for sandy soil was investigated.
In addition, statistical criteria, such as the mean square error (MSE), root-mean-square
error (RMSE), mean absolute percent error (MAPE) and mean absolute error (MAE), were
used to compare the estimation performance of the regression equations developed for the
uncorrected SPT-N blow count and the corrected SPT-N (Ngp) blow count.

The boundaries of the study area were determined as alluvial deposits in the central,
eastern, and southern regions of the Canakkale settlement area. A total of 125 geotechnical
borehole studies and 73 seismic refraction measurements with different profile lengths were
carried out in this area (Figure 2). As geotechnical and geophysical studies carried out in
the scope of the microzonation studies in the Canakkale settlement area were performed at
different times, and by different teams, as well as due to the negative physical conditions in
the city of Canakkale, full compatibility could not be achieved for the locations of boreholes
and seismic refraction measurement points. Therefore, in this study, borehole locations
and seismic refraction measurement points that are close to each other were compared.
Furthermore, locations showing an inconsistency between the V, velocity and SPT-N blow
count were not included in this study. Within the scope of this study, empirical correlations
between the uncorrected SPT-N value and energy-corrected SPT-N(Ngp) value, and V
taken from 50 seismic refraction measurement points and 50 geotechnical borehole locations
in Quaternary alluvial deposits in the center, east, and south of the Canakkale settlement
area were examined (Figure 5).
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Figure 5. The borehole and seismic refraction locations used in the empirical correlations.

5.2. Suggested Empirical Correlation for Vs-SPT(N)

According to the grain-size analysis data (Table 1) for the samples taken from the study
area, 83.6% of the samples are coarse-grained and, on average, 85.3% of the coarse-grained
alluvial soil is sandy soil. Considering that the Canakkale residential area is predominantly
located on sandy alluvial soil, the relationship between the V; value of sandy alluvial soil
and SPT-N was investigated in this study (Table 2). When creating correlations, a simple
regression analysis was performed using the existing data. The equation and correlation
coefficient (r) obtained between the Vs (m/s) and SPT-N values for the sandy alluvial soil
in the study area are as follows:

Vs = 59N42 (R2 =0451 —r = 0.67) sandy alluvial soil 2)
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Table 2. Some empirical correlations based on Vs vs. SPT-N and Vs vs. SPT-Ng.

Vs (m/s) vs. SPT-N Vs (m/s) vs. SPT-Ngg

Author(s) Sandy Soils
Shibata [43] Vs = 32N0> -
Ohta et al. [44] V, = 87N0-36 -
Ohsaki and Iwasaki [21] Vs = 59.4N047 -
Imai [22] Vg = 80.6N0-331 -
Ohta and Goto [23] V, = 88N0-34 -
Seed et al. [47] Vs = 56.4N05 -

Sykora and Stokoe [27]

Fumal and Tinsley [48]
Okamoto et al. [50]

Lee [51]

Pitilakis et al. [25]

Raptakis et al. [26]

Pitilakis et al. [54]

Hasancebi and Ulusay [29]
Hanumantharao and Ramana [31]
Dikmen [32]

Maheswari et al. [1]

Akin et al. [33]

Chatterjee and Choudhury [2]
Esfehanizadeh et al. [3]

Kirar et al. [5]

Sil and Haloi [6]

Ataee et al. [7]

Vs = 100.5N0-2

Vs = 152 + 5.1N0-27
Vg = 125N0.3

V, = 57N049

Vg = 162N0-17

V, = 100N0-24

Vs = 90.82N0-319
Vs _ 79N0.434

V, = 73N0-33

Vs = 100.53N0-265

Vs = 38.55N0-17670-481

Vs = 54.82N0-52559
Vs = 107.2N0-34
Vg = 100.3N0-338
Vs =79.217N%-36%
Vs = 135.52N0415

Vs = 145(Ngo)*178
Vs = 131(Ngo)*25

Vg = 96.29(Ngp)0-260

Vs = 69.18(Ng)2-200

The correlation for sandy alluvial soils in this study is plotted in Figure 6.

400

V =59N"* (R*=0.451 - r=0.67)

0 10 20 30 40 50
SPT-N

Figure 6. Correlations between Vs and SPT-N for sandy alluvial soil.

Equation (2) was also compared with the correlations suggested for sandy soils in
previous studies (Figure 7).
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600

10 20 30 40 50

Figure 7. Comparison of correlations suggested in this study and previous studies for Vs and SPT-N for
sandy soil [1-3,5-7,21-23,25-27,29,31-33,43,44,47 ,48,50,51].

5.3. Suggested Empirical Correlation for Vs—SPT-N(Ng)

In this study, in addition to the correlation between the Vs and SPT-N being examined,
the correlation between the Vs and energy-corrected SPT-N(Ngg) values was investigated,
and an equation was established for sandy soils. During SPT tests, the SPT-N blow counts
are corrected via impact energy corrections. A donut-type hammer is used in Turkey, and
the hammer is dropped through the application of two cycles to the rope. After the 60%
energy correction of the standard rod energy, the blow counts are shown with the symbol
Ngo, and the energy-corrected SPT-N blow counts are determined by the following equation:

E,

Neo = N

®G)
where N is the blow count obtained directly from the SPT experiment, and the energy ratio
(Er) is 45.

The equation and correlation coefficient (r) for the sandy alluvial soil in the study
area, obtained as a result of regression analysis between the V (m/s) and Ngg values, are

as follows:
Vs = 83Ng"3%3 (R2 0.303 —r = 0. 55) sandy alluvial soil 4)

The regression analysis graph between Vs and Ny is given in Figure 8.

400 0.343 2
V.=83N,"** (R*=0.303 - r=0‘55)

3504 S O

300 °®%
250 1
200 -
" 150 1
100 +

50 1

0 T T T
0 10 20 30 40

SPT-N

V, (m/s)

Figure 8. Correlations between Vs and SPT-Njgg for sandy alluvial soil.



Appl. Sci. 2023,13,9913

12 0f 18

6. Results and Discussion

The measured V; values and the estimated V values according to Equation (2) are
compared in Figure 9. The values obtained as a result of the comparison are distributed be-
tween the 1:0.5 and 1:2 slopes, and the V values between 150 and 250 m/s are concentrated
in the 1:1 line frame.

400

162 1:1
350 + ',"
o S e A
= 250 - 2 i XL
> S/ ° o
2 200 1 i 2 « & e
§ 150 1 5 e " 1:0.5
Fw] P
50 1 ’/’ ’_,—"”—
0+ T T T . . .
0 50 100 150 200 250 300 350 400
Measured V, (m/s)

Figure 9. Graph of the measured, versus estimated, shear wave velocity for sandy alluvial soil.

Based on the comparison for sandy soils, the resulting equations obtained by Imai [22]
and Dikmen [32] gave similar results to the V; values obtained in this study at certain
blow-count intervals (Figure 10).

350
300
250 /’.ﬂ.a
— 200 ‘ Tmai [22]
é’ — Dikmen [32]
RS Akin et al. [33]
= 150 — This study
100
50
0
0 10 20 30 40 50

SPT-N

Figure 10. Comparison of previous studies consistent with this study for Vs and SPT-N [22,32,33].

In the equation proposed by Imai [22], Vs values similar to those in this study were
obtained for the number of impacts 30 < N < 40, while higher V; values were obtained for
N < 30 than the V; values obtained from this study, and lower V; values were obtained for
40 < N. However, in the equation proposed by Dikmen [32], V values similar to those in
this study were obtained for N < 15, while lower V; values were obtained for 15 < N than
the V; values obtained in this study (Figure 10). Moreover, when the equation proposed by
Akin et al. [33] was compared with the equation obtained in this study, the equations gave
close results, and the data distribution was similar (Figure 10). These differences between
the correlation results could be due to the different soil conditions in the study areas,
the number of data points used, the SPT applications, and the different Vg measurement
methods used in the studies.
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In addition to the comparison of previous studies consistent with this study for sandy
soil given in Figure 10, the scale error percentage (Equation (5)) and cumulative frequency

graphs are also given in Figure 11.

Scaled percent error = [

Vsc - Vsm

Vsm

} x 100 (5)

where Vs and Vg, are the predicted and measured shear wave velocities, respectively.

100

90
80
70
60
50
40
30
20
10

Cumulative Frequency (%)

0

s

,/f;f"

— Imai [22]

— Dikmen [32]
Akin et al. [33]

== This study

250 -40 -30 -30 -10 0 10 20 30 40 50 60 70 80

Scaled Percent Error (%)

Figure 11. Scaled percentage error of the V; values estimated for sandy soils [22,32,33].

As can be seen in Figure 11, approximately 70% of the V; values predicted via Equation (2)
are within 20% of the scaled percent error. This indicates a slightly higher prediction than
67% obtained via Equation (2).

When the correlation coefficient between Vs and Ng is compared with Equation (2),
the correlation coefficient obtained with the uncorrected SPT-N had a slightly better value
than the energy-corrected correlation coefficient. The measured Vs values and the V; values
estimated according to Equation (4) are compared in Figure 12. Based on the comparison,
the data were distributed between a 1:05 and 1:2 slope and the V, values between 175 and
250 m/s were concentrated along the 1:1 line.

400

350 A
300 -
250 +
200
150 -
100
50 4
0 44

Estimated V_ (m/s)

12, 1:1
!ﬁ ® ..o e
° :; : ; ‘ogl !:
S/ OSef Q r‘!‘.p
Rt ey
1 i R 1:0.5
0 50 100 150 200 250 300 350 400
Measured V, (m/s)

Figure 12. Graph of the estimated, versus measured, shear wave velocity, using SPT-Ng.
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The equation between Vs and Ngp given in Equation (4) was compared with the
regression correlations for sandy soils in Figure 13. Based on the comparison, the equations
obtained by Pitilakis et al. [54] and Hasancebi and Ulusay [29] provided similar results
to the Vs values obtained in this study at certain blow-count intervals. The Vs values
obtained with the equation proposed by Pitilakis et al. [54] and Hasancebi and Ulusay [29]
for the number of pulses Ngp < 27 were larger than the V; values obtained in this study.
For 27 < Ngg < 32, the equations by Pitilakis et al. [54] and Hasancebi and Ulusay [29]
yielded similar results to the V; values obtained in this study. Slightly lower V; values
were obtained with the equations suggested by Pitilakis et al. [54] and Hasancebi and
Ulusay [29] for 32 < Ngg. Furthermore, the equations obtained by Maheswari et al. [1] and
Ataee et al. [7] provided similar results to the Vs values obtained in this study for SPT-N
blow counts less than 10 (Figure 13).

400
350 1
300 1
- Pitilakis et al. [54]
e H i and Ulusay [2
£ 200] Vit
5 o — Ataee et al. [7]
1504 ° —This study
100 1
50 1
0

0 5 10 15 20 25 30 35 40
SPT-N

Figure 13. Comparison of the correlations suggested in this study and those from previous studies
for Vg and SPT-Ng [1,7,29,54].

The error criteria given in Table 3 were used to measure the estimation performance of
the empirical correlations proposed in this study. The error criteria used were the mean
square error (MSE), root-mean-square error (RMSE), mean absolute percent error (MAPE),
and mean absolute error (MAE).

Table 3. The error criteria used in the performance measurement.

Error Criteria Error Formula
_ Y (mi—pi)
MSE MSE = == 2
n 2
RMSE RMSE = / H=lmizp)”
Zz 1 M }7,
MAE MAE = Eu\#

Where m; is the measured value, p; is the predicted value, 77 is the mean of the measured values, and 7 is the
number of data in the database.

The low results for the error criteria MSE, RMSE, MAPE, and MAE show a high
performance, with the error results inversely proportional to the performance [57] (Table 4).

MAPE is one of the most popular measures used to predict accuracy [58]. It measures the
average magnitude of error produced by a model, or how far off predictions are on average.
A MAPE value of 16% means that the average absolute percentage difference between the
predictions and the actual values is 16% for the uncorrected Vs—SPT-N correlation. The
amount of deviation for the corrected Vs—SPT-N(Ng) correlation was found to be 20%.
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Table 4. Evaluation of the uncorrected Vs—SPT-N and corrected Vs—SPT-N(Njg() correlations with the
error criteria for the power model.

Uncorrected Vs—SPT-N Corrected Vs—SPT-N(Ngo)
Model r MSE RMSE MAPE MAE r MSE RMSE MAPE MAE
Power 0.67 1516 39 16 32 0.55 2288 48 20 39

7. Conclusions

In this study, the aim was to indirectly estimate V; by establishing a relationship
between the number of SPT-N blow counts and shear wave velocity (V) data obtained as
a result of microzonation studies carried out in the Canakkale residential area located in
northwest Turkey. The results obtained from this study and the regression analyses can be
summarized as follows:

(a) A simple regression equation was produced between the SPT-N and shear wave
velocity (V) data for sandy soils in the Canakkale residential area.

(b) The regression equation developed in this study was similar to some previous studies
and provided a good estimation performance.

(c) Comparing the equations produced using the SPT-N data and energy-corrected SPT-
N(Ngpo) data with other previous studies, the equation produced with the SPT-N
showed a better estimation performance for V.

(d) The empirical equation produced in this study will be useful in estimating the shear
wave velocity (Vs) and the shear modulus required for practical dynamic analysis in
cases where seismic tests cannot be performed, or are limited in number.

(e) The data were analyzed via nonlinear regression analysis, using a power model. Ad-
ditionally, the amount of deviation from accuracy was determined using error criteria.
The correlation coefficient (r) and MAPE values for the power model showed a good
agreement between the uncorrected Vs—SPT-N and corrected Vs-SPT-N(Ngp) correlations.

(f) The predictive ability of the proposed equation between SPT-N and V; can be further
improved through the use of data obtained via in-hole seismic methods, as well as
through an increase in the number of seismic refraction profiles in future studies.

(g) The differences between the equations proposed in previous studies and the equations
proposed in this study are due to the soil properties of the investigated area, as well as
the depth, groundwater level, number of data processed, and seismic measurement
techniques used.

(h) This study was carried out on sandy soils in the Canakkale residental area. Researchers
who hope to benefit from this study can use the suggested equations if they are working
with similar soil properties, depths, SPT-N blow counts, and Vs values. The equations
will allow them to approximate the V values in their field of study.

(i) The careful use of the produced equation, and checking with the shear wave velocity
values measured at certain locations will increase the accuracy of dynamic analyses.
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