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Abstract

This study evaluates and optimizes empirical correlations between shear wave velocity (Vs) and cone penetration test (CPT) data for 

various soil types in Hungary. A comprehensive database of 914 data pairs was compiled from multiple cities with diverse geological 

conditions, incorporating SCPTu and MASW measurements. Over 40 existing Vs–CPT correlations were statistically assessed using 

parameters such as RMSE, RD, K, CVK, and RI to determine their accuracy across different soil types and depositional settings. The most 

promising correlations were further refined using regression analysis, leading to the development of improved models tailored for 

Hungarian soils. These new correlations were evaluated both graphically and statistically, showing enhanced predictive performance, 

particularly for coarse-grained soils. The final proposed models demonstrate significant reductions in estimation error, with RMSE 

improvements exceeding 35%. This work provides geotechnical engineers in Hungary with robust, site-adapted tools for seismic site 

characterization and supports safer and more reliable subsurface profiling practices.
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1 Introduction
Seismic site characterization is an essential aspect of 
geotechnical investigations, especially for assessing the 
behavior of soils during earthquakes and other dynamic 
loading conditions. Shear wave velocity (Vs ) plays a cru-
cial role in this process as it provides valuable information 
about the stiffness and strength properties of soils.

Vs is a measure of the speed at which shear waves prop-
agate through a soil medium. It is typically expressed in 
meters per second (m/s) or kilometers per second (km/s). 
The Vs is directly related to the shear modulus (Gmax ) of the 
soil, which characterizes its resistance to shear deforma-
tion at very small strain levels (Eq. (1)) [1]:

G Vsmax
.� �� 2 	 (1)

The behavior of soils at small strain amplitudes is import-
ant because it reflects their response to seismic waves during 
an earthquake. By knowing the Vs values of soils, engineers 
and geologists can evaluate their potential for liquefaction, 
settlement, and amplification of ground motions.

Building codes [2] often include provisions for seismic 
site classification based on Vs values, particularly for the top 

30 m of soil. These codes provide guidelines for designing 
structures and foundations that can withstand anticipated 
ground shaking. Vs values are also crucial in micro zona-
tion studies, which aim to assess and map the seismic hazard 
at urban and regional scale. These studies help in urban plan-
ning, land-use management, and risk mitigation strategies.

To obtain Vs measurements, both in situ and laboratory 
tests can be performed. In situ methods use specialized 
equipment to generate and record seismic waves directly 
in the ground [1]. Common in situ tests include the seis-
mic piezocone penetration test (SCPTu), which integrates 
cone tip resistance (qc ),  sleeve friction ( fs ), pore pres-
sure  (u2), and shear wave velocity (Vs ) measurements 
within a single sounding [3]. This test is an extension of 
the conventional cone penetration test (CPT), which mea-
sures only qc and fs, and the piezocone (CPTu), which also 
records pore pressure. Another widely used technique is 
the Multichannel Analysis of Surface Waves (MASW) [4], 
which involves analyzing surface wave dispersion data 
recorded by an array of geophones to estimate Vs pro-
files with depth. MASW is particularly useful for shallow 
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subsurface investigations, as it is non-invasive, efficient, 
and effective in characterizing layered soil deposits.

While both primary (P-) and secondary (S-) wave veloc-
ities can be measured in situ, Vs is preferred for seismic 
site characterization because it directly relates to the small-
strain shear modulus, which governs soil deformation under 
earthquake loading. P-wave velocities are more influenced 
by pore fluid compressibility and are therefore less reliable 
for stiffness characterization in saturated soils [1].

Laboratory tests can also be conducted to determine the 
Vs of soil samples collected. These tests often involve the 
use of a torsional shear wave apparatus or bender elements, 
where the soil sample is subjected to controlled shear stress 
and the resulting shear wave propagation is measured.

However, laboratory measurements are inherently limited 
by sample disturbance during retrieval, changes in moisture 
content, and the inability to replicate in situ stress conditions. 
As a result, laboratory-derived Vs values may differ from 
field measurements, particularly in soft or sensitive clays.

This study seeks to identify the optimal empirical correla-
tions for estimating shear wave velocity in diverse soil types 
across Hungary using data from the seismic cone penetration 
test (SCPTu). Recent local investigations have highlighted 
the importance of region-specific seismic site characteriza-
tion: Al-Azazmeh and Mahler [5] developed CPT–Vs correla-
tions for soft Quaternary clays in Szeged, while Al-Azazmeh 
and Mahler [6] performed nonlinear site-response analyses 
in District XIII, Budapest, demonstrating the critical role of 
accurate Vs profiling in urban areas.

The number and spacing of Vs measurements depend on 
the site's size, complexity, and the level of detail required 
for the analysis. A comprehensive understanding of the soil's 
behavior and its variability with depth is crucial for reliable 
seismic hazard assessment and design of resilient structures.

In Hungary, seismic site classification is guided by 
Eurocode 8 (MSZ EN 1998-1:2008, [2]), which has been 
adopted as the national standard. Site classes are deter-
mined primarily based on Vs30 (the average Vs in the top 
30 m), in accordance with categories A–E. The Hungarian 
annex specifies national parameters for design ground 
acceleration and site amplification factors.

In addition to depositional environment and grain size, 
geological factors such as over consolidation ratio (OCR), 
age, and cementation significantly influence Vs values. 
Older deposits and those with a higher OCR typically dis-
play greater stiffness due to diagenetic bonding, cementa-
tion, and secondary mineral formation. Cementation, par-
ticularly in silty and sandy strata, can increase small-strain 
stiffness beyond that predicted by density alone. These 

effects should be accounted for when applying empirical 
correlations, as they may lead to over- or under-estimation 
of Vs in soils with atypical geological histories [7].

2 Site description and data sources
Fig. 1 [8] presents the locations of the investigated sites, 
which include Sopron, Szeged, Kecskemét, the M8 
Highway, and Budapest. For these areas, MASW and 
SCPTu data were collected and compiled into a compre-
hensive database. This study evaluates the data, estimates 
Vs values, and identifies the empirical correlations that 
best fit each of the studied Hungarian sites.

Budapest, the capital city of Hungary, possesses 
a diverse and captivating geology that encompasses var-
ious ages and formations. Its geological composition 
comprises a complex assemblage of Paleozoic marine 
sedimentary rocks, Mesozoic limestones and marls orig-
inating from a shallow sea, and Tertiary volcanic forma-
tions. The Quaternary period has played a significant role 
in shaping the region, with glaciations and the formidable 
Danube River leaving indelible imprints on the landscape.

Gyalog et al. [9] classified the Holocene sediments 
in  the area into three distinct categories: fluvial, alluvial 
fan, and paludal sediments. Fluvial sediments are found 
in water-covered brooks and river valleys, while alluvial 
fan sediments form in the expansive alluvial plain of the 
Danube River. Paludal sediments dominate the valleys 
of the Pest Plain. Examination of the Pleistocene-Holocene 
period reveals a diverse range of sediment types, includ-
ing aeolic sand, fluvial-aeolic sand, slope sediments, delu-
vial redeposited loess and clay-silt, fine-grained residual 
deposits, Upper Pleistocene fluvial sediments, Middle and 

Fig. 1 Locations of sites in Hungary [8]
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Lower Pleistocene fluvial sediments, loess, and travertine. 
These sediments provide invaluable insights into the geo-
logical history and composition of the region during the 
Pleistocene-Holocene period.

Moving to Kecskemét, the South Tisza Basin, a north-
south graben-like structure harboring the deepest 
Quaternary basin in the Alföld region. Quaternary depos-
its extend over 600 m near the confluence of the Körös and 
Tisza Rivers. The western border of the basin is defined 
by an eastward dipping flank situated between the Danube 
and Tisza Rivers [10]. As we progress westward, the thick-
ness of Quaternary deposits diminishes from 650 m to less 
than 50 m at the Danube. Fluvial deposits, referred to as 
the Kecskemét gravel formation, dominate the region. The 
Quaternary sequence, with a thickness of 200 m, over-
lays fine-grained Upper Pannonian sediments transported 
from the northwest. Pliocene-age variegated clays are 
absent, and the predominant color of the pelitic sediments 
is gray, both in the Quaternary and Upper Pannonia.

Situated in the Pannonian Basin above the Algyő 
High, the  city of Szeged showcases sedimentary forma-
tions from the Neogene and Quaternary periods. The 
Neogene period  [11] left behind marine sediments, while 
the Quaternary period witnessed the influence of glacial and 
alluvial deposits that have shaped the landscape. The pre-Ce-
nozoic basement of the region belongs to the Codru nappe 
system within the Tisza mega-unit. The Algyő High com-
prises metamorphic rocks, siliciclastic formations, and shal-
low marine mud rocks and carbonates. In the Szeged Basin, 
the Lower Triassic period is represented by continental sand-
stones and variegated shales, while the Anisian and Ladinian 
periods feature shallow-marine lagoonal dolomites.

Moving westward to Sopron, a city located near the 
Austria-Hungary border, we encounter a geology pro-
foundly influenced by the presence of the Eastern Alps 
and the Pannonian Basin. The geological history of Sopron 
spans various ages, with the oldest rocks dating back to the 
Paleozoic era and forming part of the Variscan orogeny. 
These ancient rocks consist of metamorphic formations, 
including gneisses and schists [11], that have undergone 
significant tectonic forces and high temperatures. During 
the Mesozoic era, Sopron and its surroundings were sub-
merged under a shallow sea, resulting in the deposition of 
sedimentary rocks such as limestones, marls, and sand-
stones. The Quaternary period played a pivotal role in 
shaping Sopron, as glaciations carved U-shaped valleys, 
moraines, and drumlins across the landscape. The region's 
diverse rocks and formations owe their existence not only 

to glaciations but also to Tertiary volcanic activity and 
sedimentation within the neighboring Pannonian Basin.

For each site, we paired the nearest CPTu with the cor-
responding SCPTu/MASW profile. SCPTu provided ~1 m 
Vs increments. To make MASW comparable, its coarse 
layers were refined into finer sublayers so the vertical res-
olution better matched the CPTu/SCPTu data; the redis-
tribution preserved each original MASW layer's average 
velocity to avoid bias. This produced higher-resolution 
MASW Vs suitable for direct depth-by-depth comparison 
with CPTu-derived and SCPTu values.

Fig. 2 presents a combined analysis of Vs profiles 
derived from MASW and SCPTu measurements across 
multiple sites in Hungary. The Vs values span a range of 
approximately 100–600 m/s, reflecting diverse subsurface 
conditions, from soft soils to stiff sediments.

2.1 Key observations
The compiled SCPTu and MASW datasets from the inves-
tigated Hungarian sites were jointly analyzed to identify 
characteristic patterns and site-specific behaviors in the 
measured Vs profiles. The following key observations 
summarize the main geological and geotechnical trends 
derived from this comparative assessment:

1.	 Consistency and variability: MASW data reveal 
a general increase in  Vs with depth, suggesting 
a broadly homogeneous geological trend across the 
region. However, localized deviations in Vs at greater 
depths (e.g., between 15–24 m) indicate site-specific 

Fig. 2 Summary of all MASW data for sites in Hungary
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variations, likely due to differences in soil composi-
tion (e.g., clay vs. sand layers) or bedrock topography.

2.	 Integration of SCPTu data: to complement the spa-
tially averaged MASW results (which represent zones 
several meters thick), high-resolution SCPTu point 
measurements (recorded at 1–2 cm intervals) were 
incorporated. The SCPTu Vs values, typically valid for 
0.5 m intervals, were upscaled to match the MASW 
resolution using a weighted averaging approach, 
ensuring consistency in depth-specific comparisons.

3 Soil classification
This research study focuses on the classification of soils 
using measurements from the CPT, specifically cone tip 
resistance (qt, MPa), sleeve friction ( fs, kPa), and excess 
pore water pressure (u2, measured just behind the cone 
tip). The main objective is to establish a robust soil clas-
sification system using the soil behavior type index  (Ic ), 
a dimensionless parameter derived from CPT data that 
characterizes soil type.

In 1990, Robertson [12] proposed a soil classification 
framework using the normalized cone resistance (Qt , dimen- 
sionless) to classify soils into nine distinct SBTs. However, 
Jefferies and Davies [13] introduced the SBT chart in 1991, 
which provided a more accurate approach to classification.

Expanding upon the work of Jefferies and Davies [14], 
further refined the classification system in 1993 by intro-
ducing the soil index, Ic. Jefferies and Been [15] sug-
gested refining the classification of these loose silts. 
Consequently, the correlation of Ic became:

I
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t q R

J B&

log . . log ,
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2 2

3 1 1 1 5 1 3
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	 (2)

where Bq is the pore pressure ratio, and FR is the normal-
ized friction ratio used in the calculation of Ic. To assess 
the sensitivity of Ic values to different formulations, both 
the Jefferies and Been [15] and Robertson and Wride [16] 
(most widely used) equations were evaluated for a subset of 
the data. The differences in computed Ic values were found 
to be minimal (within ±5%), indicating that either formula-
tion yields similar soil classification in this context.

The soils investigated in this study predominantly 
exhibit clay-like behavior, characterized by high plas-
ticity, low permeability, and a tendency to undergo volume 
changes (shrinkage and swelling) with variations in mois-
ture content. They also display high cohesion and relatively 
low shear strength, making them more susceptible to defor-
mation and stability issues. As shown in Robertson's [17] 

normalized SBTn chart (Fig. 3), which refines the original 
chart proposed in 1990 [12], the data points from our sites 
are mainly distributed across zones 3 to 9. A significant 
concentration is observed in zones 3, 4, 5, and 8, indicating 
that clayey soils are dominant in the study area.

4 Statistical analyses of the best correlations
There are several empirical correlations available for esti-
mating Vs. However, their applicability can vary depending 
on the specific soil type. Therefore, selecting the most suit-
able correlation for Hungarian soils is a critical task. The aim 
of this study is to evaluate the performance of different cor-
relations in predicting Vs across various soil types in Hungary 
and to provide recommendations on the most reliable ones.

To achieve this, both measured and estimated Vs values 
from our database were analyzed using a range of statisti-
cal parameters. The selected correlations were subjected 
to rigorous statistical testing to evaluate their reliability 
and accuracy. Key evaluation metrics included correla-
tion coefficients and goodness-of-fit indicators, which 
provide insight into how well each correlation model rep-
resents the observed data.

Common goodness-of-fit measures include R-squared 
(coefficient of determination), adjusted R-squared, root 
mean square error (RMSE), A higher R-squared value and 
lower RMSE indicate a better fit between the correlation 
model and the observed data. This analysis provided quan-
titative measures of the relationships between the variables 
and allowed for the identification of correlations that demon-
strated strong statistical significance and predictive power.

In the assessment of correlations, the RMSE in Eq. (3) is 
commonly employed to measure the accuracy by compar-
ing predicted values from the correlation with the actual 

Fig. 3 Scattered data points (914) on the SBTn chart for normalized cone 
penetration test (CPT) results
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measured values. The correlation exhibiting the lowest 
RMSE value is considered the most effective in provid-
ing accurate predictions. Consequently, RMSE serves as 
a valuable tool in identifying correlations that offer precise 
estimations for the studied outcome variable.

And below are the statistical parameters used for the 
assessment of the correlations:

RMSE � �� �
�
�1 2

1N
V Vs measured s calculated

i

N

, ,
, 	 (3)

K V Vs calculated s measured= , , , 	 (4)

� � �V Vs measured s calculated, , , 	 (5)

RI � �� �
ln ln

,K K 	 (6)

CVK K K� � � , 	 (7)

RD � �� � � � �1
2 2� �K K . 	 (8)

In Eqs. (3) to (8), Vs,measured and Vs,calculated represent the 
measured and predicted shear wave velocities, respec-
tively; K is their ratio, μK and σK are the mean and standard 

deviation of K, and μ ln  K  and σln  K  denote the mean and 
standard deviation of the natural logarithm of K.

Lower values of the indexes – RI, RMSE, RE, K, and 
RD – indicate a better correlation. Accuracy is determined 
by the proximity of the mean K to 1 or the mean Δ to 0.

Over 40 Vs-CPT correlations were assessed for this 
study Table 1 [17–23] displays the primary correlations 
that were evaluated in this study. In Andrus et al. [18] and 
Stuyts  et  al.  [24], the focus has predominantly been on 
establishing direct correlations between Vs and parameters 
such as cone tip resistance (qc ) or cone total resistance (qt ). 
These correlations have proven to be simpler to apply and 
have yielded satisfactory results.

Over the years, various correlations have been proposed 
to estimate Vs using data obtained from CPT or piezocone 
penetration testing (CPTu) for different soil types:

1.	 For sands and cohesionless soils, correlations 
suggested by Hegazy and Mayne [21], Fear and 
Robertson [25], Andrus et al. [18], Piratheepan [23], 
and others were considered.

2.	For clays and cohesive soils, correlations proposed 
by Piratheepan [23], Cai et al. [20], and others were 
examined.

Table 1 Previously suggested correlations between Vs and CPT or CPTu data for various soil classification

Authors Correlations Location/site Soil Notes

Andrus et al. [18] California, South 
Carolina and Japan Holocene-Age Soils

Andrus et al. [18] California, South 
Carolina and Japan

Combined 
Holocene–

Pleistocene soils

Scaling factor (SF) is a parameter 
that depends on soil deposit age, 

where a = 0.88–0.92 for Holocene-
age sites and a = 1.11–1.12 for 

Pleistocene sites

Wolf [19] Hungary All soils

Cai et al. [20] Jiangsu, China Soft clays R2 value of 0.631

Cai et al. [20] Jiangsu, China Soft clays Purely statistical analysis of the 
Jiangsu soft clay database

Hegazy and Mayne [21] 
(all soils) Worldwide

Clays, sands, 
intermediate soils, 
and mine tailings

qc, ��V 0  in kPa, Vs in m s−1

Mayne [22] Worldwide Sands, clays and 
organic plastic clays fs in kPa

Piratheepan [23] California, Japan, 
and Canada Sands qc, fs in kPa, D in m

Piratheepan [23] California, Japan, 
and Canada Clays qc, fs in kPa, D in m

Robertson [17] 
(all soils) Worldwide

Predominantly 
Holocene and 

Pleistocene-age 
general soils

qc, ��V 0  in kPa, Vs in m s−1

Robertson [17] 
(all soils) (qc1N) Worldwide All soils qc1N is dimensionless
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3.	 Correlations applicable to all soil types were reviewed, 
including those suggested by Hegazy and Mayne [19], 
Piratheepan [21], Hegazy and Mayne [24], Mayne [20], 
Andrus et al. [16], and Tonni and Simonini [25].

These correlations were evaluated to determine their 
suitability for estimating Vs in the current study.

Table 2 [7, 17–19, 21–23, 26–28] presents a summary 
of the analysis results for the parameters K, Coefficient of 
Variation of K (CVK), Relative Deviation (RD), Reliability 
Index (RI), and Root Mean Square Error (RMSE) for all 
soils. Similar tables were also prepared for Quaternary 
and Tertiary soils; however, these are not included in the 
paper. The correlations were evaluated based on whether 
they overestimated or underestimated the Vs. This classifi-
cation was determined by comparing the mean K values or 
the mean difference between the measured and calculated 
shear wave velocities of the datasets.

If the average K value ( Kmean ) is greater than 1 or the 
mean difference value is negative, the correlation is clas-
sified as overestimated. The analysis revealed that most of 
the correlations had a K value larger than 1 or a negative 
Δ value, indicating an underestimation tendency for Vs.

Robertson [17] correlation had used the normalized net 
corrected cone resistance Qtn. In most moderately dense 
sandy soils, where qt ~ qc and (qt – σv ) ~ qc, Qtn is essentially 
equal to qc1N as shown in Fig. 4. Replacing Qtn with qc1N in 
the relationship by Robertson [17] was tested and it was 
observed that this substitution (i.e., Robertson  [17] qc1N ) 

demonstrated a slight improvement to the Vs estimation by 
giving a slightly lower RMSE value.

Fig. 4 presents a comparison between estimated and mea-
sured Vs for Quaternary soils in Budapest based on 687 data 
pairs, using selected empirical correlations: Wolf  [19], 
Mayne [22], Robertson [17], and Robertson [17] qc1N.

A total of 687 data pairs were analyzed for Quaternary 
soils, with measured Vs values ranging from 120 to 550 m/s 
and an average of 255 m/s. The strongest agreement 
with measured data was observed for Wolf [19] and 
Robertson [17] qc1N, while all correlations tended to under-
estimate Vs values above 400 m/s. Linear trends and clus-
tering below the 1:1 line indicate systematic underpredic-
tion, especially at greater depths where Vs increases.

Fig. 5 shows the comparison between estimated and mea-
sured Vs for Tertiary soils at the study sites, based on 227 data 
pairs. Measured Vs values ranged from 250 to 600  m/s, 
with an average of 360 m/s, primarily between depths of 
7 and 30 m. The selected empirical correlations, Wolf [19], 
Andrus et al. [18], Robertson [17], and Robertson [17] qc1N , 
show improved performance when applied specifically 
to Tertiary deposits. Among them, Andrus et al. [18] and 
Robertson [17] provided the most accurate predictions, 
with RMSE values of 60.1 and 58.3, respectively. While 
all correlations generally follow a linear trend, they tend 
to underestimate Vs values exceeding 400 m/s, particularly 
in deeper, denser soil layers. The  Wolf [19] Pleistocene 
formula, although originally developed for Quaternary 
soils, demonstrated strong predictive performance for the 

Table 2 Results of the statistical analysis for all soils data group (as an example, similar tables were calculated for other soil groups)

Correlation ∆mean |∆mean| Kmean CVK RD RI RMSE Estimation

Hegazy and Mayne [26] (all soils) −33.16 33.16 1.15 3.65 0.35 0.40 81.84 Overestimated

Hegazy and Mayne [21] (all soils) −22.08 22.08 1.13 4.90 0.27 0.31 58.10 Overestimated

Mayne [22] (all soils) −3.59 3.59 1.06 4.98 0.22 0.25 52.44 Overestimated

Mayne and Rix [7] (intact clays) 53.73 53.73 0.78 3.11 0.33 0.57 80.68 Underestimated

Robertson [17] (all soils) 47.22 47.22 0.81 6.49 0.23 0.38 61.11 Underestimated

Robertson [17] qc1N (all soils) 43.21 43.21 0.83 6.47 0.21 0.35 58.88 Underestimated

Piratheepan [23] (all soils) 62.80 62.80 0.74 5.94 0.29 0.48 75.40 Underestimated

Andrus et al. [18] (all soils) 47.18 47.18 0.81 6.19 0.23 0.39 60.25 Underestimated

Wolf [19] (Holocene fluvial sediments) 35.79 35.79 0.86 5.24 0.22 0.37 56.56 Underestimated

Wolf [19] (tertiary deposits) −5.63 5.63 1.04 3.22 0.33 0.36 72.59 Overestimated

Wolf [19] (Pleistocene fluvial sediments) 46.76 46.76 0.82 6.29 0.22 0.37 61.67 Underestimated

Wolf [19] (Pleistocene eolian sediments) −33.06 33.06 1.18 5.19 0.29 0.35 62.89 Overestimated

Wolf [19] (Holocene-Pleistocene) 6.09 6.09 1.00 6.19 0.16 0.18 44.14 Underestimated

Wolf [19] (all soils) 0.31 0.31 1.03 6.34 0.16 0.18 42.28 Overestimated

Karray et al. [28] 44.50 44.50 0.86 3.06 0.31 0.49 82.55 Underestimated

Tonni and Simonini [27] (sands and silts) 17.73 17.73 0.99 3.26 0.30 0.35 73.97 Underestimated
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Tertiary dataset as well; therefore, it was included in Fig. 5 
for comparative purposes.

Fig. 6 presents a comparison between estimated and 
measured Vs for all soil types using selected empirical cor-
relations, based on 914 data points. The analysis includes 
a  broad range of soils with Vs values extending up to 
800 m/s. Among the tested models, those by Wolf [19], par-
ticularly the Holocene-Pleistocene and all-soils variants and 
Robertson [17] qc1N demonstrated strong linear trends and 
close agreement with measured data. RMSE values were 
lowest for Wolf [19] (56.4) and Robertson [17] qc1N (56.2), 
confirming their robustness across diverse soil conditions.

5 New modified correlations
To achieve this optimization, the RMSE was minimized by 
adjusting the multipliers (factors) of the input parameters 
for each correlation tested. Robertson [17] (with replacing 
Qtn with qc1N ) correlation was selected as the model equa-
tion to generate the proposed correlations:

V P qs V a
aI b

c

c
c� �� � � �� ��� 0 25

1
10

.

.
N

	 (9)

Fig. 4 Estimated Vs against measured Vs of Quaternary age deposits

Fig. 5 Estimated Vs against measured Vs of Tertiary age deposits

Fig. 6 Estimated Vs against measured Vs of all soil's deposits
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Truly normalized (i.e., dimensionless) cone penetra-
tion resistance corrected for overburden stress (qc1N ) and 
Ic parameters in these correlations contribute to a better 
prediction of Vs and help reflect the geological site char-
acteristics in reality.

Through the optimization process, notable improve-
ments were obtained in the model equation for the stud-
ied categories.

All soils: based on the (914) data pairs the recommended 
best-fit equation for predicting Vs in m/s is:

V P qs V a
I

c
c� �� � � �� ��� 0 25 0 398 3 65

1

0 387

10
. . .

.

.
N

	 (10)

Fig. 7 shows the proposed correlation (Eq. (10)) for all 
soils compared to the original one (before regression), 
most of the predicted values of Vs are within 20% of the 
measured Vs, and 36.6% improvement in RMSE.

Quaternary-age soils: based on the (687) quaternary 
data pairs, the recommended best-fit equation for predict-
ing Vs in m/s is: 

V P qs V a
I

c
c� �� � � �� ��� 0 25 0 372 4 08

1

0 368

10
. . .

.

.
N

	 (11)

Tertiary-age soils: for predicting Vs in m/s, the recom-
mended best-fit equation based on (227) data pairs is:

V P qs V a
I

c
c� �� � � �� ��� 0 25 0 545 2 1

1

0 47

10
. . .

.

.
N

	 (12)

Figs. 7 and 8 illustrate the performance of the proposed 
Eq. (10) for estimating Vs across 914 soil samples. In Fig. 7, 
the "original correlation" refers to the initial output of 
Eq.  (10) prior to any regression adjustment. This base-
line correlation, which reflects the general trend observed 
before model calibration, yielded a RMSE of 58.8 m/s.

After applying regression analysis to improve the mod-
el's fit, the RMSE was significantly reduced to 37.27 m/s, 

demonstrating enhanced predictive accuracy. The im- 
provement is evident by the tighter clustering of data 
points around the 1:1 reference line in the scatter plot.

In Fig. 8, the data are categorized by soil type rather 
than soil age as used in previous representations. This 
shift allows for a more meaningful interpretation of the 
model's performance, as soil type directly influences geo-
technical behavior and Vs propagation. The results show 
that the model performs better for coarse-grained soils 
such as sands and gravelly sands, with data points closely 
aligned with the 1:1 line. In contrast, finer-grained soils 
like clays exhibit greater dispersion, reflecting the natu-
ral variability and complexity in predicting Vs in cohesive 
materials. This classification provides important insight 
into the model's sensitivity to soil composition and sup-
ports its application across diverse geological contexts.

6 Conclusions
This study evaluated and improved empirical correlations 
for estimating Vs from CPT data, focusing on Hungarian 
soils. A comprehensive database of 914 Vs–CPT pairs from 
five cities with varied geology was compiled. Over 40 exist-
ing correlations were assessed using statistical indicators 
such as RMSE, K, RD, RI, and CVK. Results showed that 
many widely used models over- or underestimate Vs when 
applied to local conditions, especially in fine-grained soils.

To enhance prediction accuracy, regression-based mod-
ifications were applied to the best-performing models, 
resulting in significantly improved correlations. The  pro-
posed equation for all soils (Eq. (10)) reduced RMSE from 
58.8 m/s to 37.27 m/s, showing a 36.6% improvement and Fig. 7 The proposed correlation (Eq. (10)) for all soils compared to the 

original one (before and after regression)

Fig. 8 Estimated Vs against measured Vs categorized by soil 
type, including sands, mixtures, clays, and gravelly sands. This 

representation highlights the model's varying accuracy across different 
soil classes7 conclusion and recommendation
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tighter clustering of estimated Vs around the 1:1 line. Further 
analysis by soil type revealed better model performance in 
coarse-grained soils (e.g., sands, gravelly sands) and more 
variability in cohesive soils like clays, emphasizing the 
influence of soil composition on Vs prediction.

These findings highlight the need for region-specific and 
soil-type-sensitive models in seismic site characterization. 

The modified correlations provide a reliable tool for 
Hungarian geotechnical practice, improving Vs estimates 
is essential for site classification, liquefaction assessment, 
and seismic design. Future research should consider 
advanced modeling techniques and expanded datasets to 
further enhance predictive capabilities across complex 
subsurface conditions.
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