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ABSTRACT: The shear wave velocity (VS) and the small-strain shear modulus (Gmax) are crucial
parameters to assess the dynamic properties of soil and the seismic characteristics of a site. In field trials,
it may be challenging and costly to quantify these factors, limiting their feasibility. Thus, it is essential
to determine indirectly VS and Gmax using empirical equations linked to the SPT number. The present
research focused on the seismic zone in the northern regions of Iran, where construction is rapidly
increasing. The field tests were conducted by drilling eleven boreholes and analysing the correlation
between SPT number, shear wave velocity, and small-strain shear modulus in clayey, sandy, and silty
soil. The results were validated using data from three boreholes in a different area of northern Iran. Gmax
is a parameter that reflects the dynamic characteristic of soils, specifically the hardness of geomaterials
under shear deformation. Variations in the specific weight of soil layers affecting the small-strain shear
modulus were analysed by correlating the SPT number to the small-strain shear modulus. The research
findings demonstrated a strong correlation between the SPT number, shear wave velocity, and small-
strain shear modulus. Previous studies and data validation verified the models proposed in this research.
Clayey soils are more sensitive to changes in the specific weight of each layer than sandy and silty soils.
Since this sensitivity exhibits a non-linear relationship, it is crucial to consider the specific weight of
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each layer of soil when determining correlations for clayey soils.

1- Introduction

Seismic wave velocity and small-strain shear modulus
are critical parameters in civil engineering, particularly
for seismic analysis of structures [1,2]. Due to the high
cost and complexity of geophysical tests, researchers have
sought correlations between these parameters and simpler
field tests, such as the Standard Penetration Test (SPT).
The SPT, a widely used geotechnical test, helps estimate
soil properties. Moreover, numerous empirical relationships
(often in power-law forms, such as V, = XNY) have been
proposed to link SPT values (N) to shear wave velocity (V).
These correlations vary significantly across soil types (clay,
sand, silt), with coefficients X and Y reflecting regional soil
characteristics. For instance, in clays, X ranges from 27 to
132 and Y from 0.23 to 0.73, while sands show even broader
variations [3-5]. The small-strain shear modulus (G _ ) is
vital for geotechnical design under static and dynamic loads.
While traditionally measured via geophysical or laboratory
tests (e.g., resonant column), in recent studies, Gmax was
correlated with SPT-N values for a cost-effective estimation.
These correlations differ by soil type and region, emphasising
the need for site-specific calibration. For example, lateritic
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and saprolitic soils display distinct behaviors, requiring
separate formulas. Studies also highlight the influence
of factors like hammer energy, fines content, and depth
on SPT-based predictions, with corrected N-values often
improving accuracy [6, 7]. The present study focuses on
northern Iran’s Caspian Sea region, where rapid construction
demands reliable local correlations. By conducting SPT
and downhole seismic tests across 11 boreholes, the authors
derived new region-specific relationships between SPT-N,
V,, and GmaxGmax, accounting for layer-specific density
variations. In the research, modelling precision was enhanced
by isolating density effects on G__ for clay, sand, and silt
layers. These findings provide tailored correlations for
seismic microzonation and geotechnical projects in the area,
addressing gaps in previous generalised models.

2- Methodology

In this study, correlations were developed between SPT
blow counts (N), shear wave velocity (V,), and small-strain
shear modulus (G_ ) using regression analysis, where
Gmax was calculated through the fundamental relationship
G, = p VS with p representing soil density. Field and

max
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laboratory data were processed to minimize scatter and
categorised into clay, silt, and sand groups. In the research,
a power-law relationship was employed between SPT-N
and Vs, establishing site-specific correlations for the soils
of northern Iran while examining the effects of density on
Gmax. Model accuracy was quantified using the root mean
square error metric RMSE = V(1/n Y(yi-§i)?), where yi and
yi represent measured and predicted values, respectively.
The investigation focused on Rasht city in Gilan Province,
where eleven boreholes were drilled to depths of 30 m in
sedimentary soils with high groundwater tables. Standard
penetration tests were conducted at 2-meter intervals
following ASTM procedures, using a standard hammer drop
system. Downhole seismic testing measured wave velocities
for V, determination, which was subsequently used in the
G, . = p V. equation. Comprehensive field testing included
both SPT and downhole seismic measurements, conducted
following strict quality control protocols. PVC-cased
boreholes enabled precise wave velocity measurements at
I-meter increments, with the resulting VS values fed into the
Gmax calculation. To validate the proposed relationships,
data from three additional boreholes located in Mazandaran
Province, in the northern region of Iran, were utilized.

3- Discussion and results

The data for clayey, silty, and sandy soils were selected to
determine the correlation between V¢ and G, with SPT-N
values. Most data for all three soil types fell within =1 STD.
For clay (Vs: 150-523 m/s), STD was 94 m/s; for sand (Vs:
220-411 m/s), STD was 72 m/s; and for silt (Vs: 135-565
m/s), STD was 126 m/s. Over 95% of the data points for
each soil type lie within £1 STD, with only six clayey data
points (two CH, four CL) near the —1 STD boundary. Table
1 presents the correlation equations between Vs and SPT-N
for northern Iran, including R? and RMSE values. For clay,
the equation * V¢, = 19.3IN"0.75* (R*> = 0.82, RMSE =
40.62) shows strong agreement. Sandy soils follow * V.
33.30N"0.67* (R? = 0.95, RMSE = 41.15), while silty soils
fit * Vo = 16.86N"0.78* (R> = 0.83, RMSE = 50.57). All data
points within +0.2 of the equality line confirm the models’
accuracy.

Figure 1 compares the derived correlations with prior
studies. For clay (SPT-N: 13-34), the proposed equation
aligns closely with that of Dickmann and Dég¢ et al., showing
a deviation of <12%. Sandy soils (SPT-N: 18-41) exhibit
<10% deviation from Seed et al., while silty soils (SPT-N:

Table 1. The correlation between shear wave velocity
and SPT (N-value) in Northern Iran

Type of soil ~ Formula R? RMSE
Clay Vs=1931N%"5 082 62.40
Sand V5=33.30N%7 095 1541
Silt Vs=16.86N%"2 083 57.50
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Fig. 1. The comparison of derived SPT-N vs. VS cor-
relations with previous studies for: (a) clay, (b) sand,
and (c) silt

10-38) demonstrate lower V¢ predictions for SPT-N < 18
but converge with existing studies at higher SPT-N values.
These discrepancies arise from sampling methods and
geological conditions, underscoring the need for soil-specific
correlations.

Table 2 lists G -SPT-N correlations. The results
demonstrated that unit weight (p) significantly influenced
G, .. For clay, a nonlinear relationship, p = 1.59N"0.26, was
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Table 2. The correlations between small-strain shear
modulus (Gmax) and SPT N-values for clayey, sandy,
and silty Soils in Northern Iran

Type of soil ~ Formula R?> RMSE
Clay Gyyax =0.59 Ni7e 091 46.24
Sand Gpax =1.97N137 0.96 57.14
Silt Gy =0.40N 174 0.90 15.50

observed, indicating the need for layer-specific p values. In
contrast, sand exhibited nearly linear behavior (p = 1.79),
while silt followed the trend p = 1.43N"0.18.

Figure 2 illustrates normalized G_,_ /p (linear trend)
and G vs. SPT-N (nonlinear trend). Clay displays steeper
slopes, highlighting the influence of p, whereas sand and
silt show minimal variation. This confirms that p must be
explicitly considered for clay, although it can be averaged for
sand/silt. The study highlights the significance of soil-specific
models in dynamic parameter estimation, as validated by
three boreholes in Mazandaran, where predictions fell within
+15% of the measured values.

4- Conclusions

This study established novel empirical correlations
between SPT-N values and shear wave velocity (V) as
well as the small-strain shear modulus (G _ ) for clayey,
sandy, and silty soils in northern Iran, based on extensive
field testing across eleven locations in Rasht, along with
validation with three independent boreholes in Mazandaran.
The results demonstrate distinct ranges for each soil type:
clayey soils (V, = 150-523 m/s, G, _ = 30-287 MPa), sandy
soils (V= 135-565 m/s, G _ = 24-232 MPa), and silty soils
(V¢=220-411 m/s, G, = 90-354 MPa). A consistent positive
trend was observed, with V¢ and G, increasing alongside
higher SPT-N values for all soil types. Notably, clayey soils
revealed greater sensitivity to density variations compared
to sandy and silty soils. These correlations offer a practical,
cost-effective alternative to geophysical testing, enabling
reliable seismic site characterization using widely available
SPT-N data, which is particularly valuable for preliminary
assessments in similar geotechnical contexts.
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Table 2. Relationships proposed for the correlation between SPT number and small-strain shear
modulus by various researchers.
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Fig. 1. Procedure and equipment for downhole testing.
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from 11 drilling boreholes.
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Fig. 4. Comparison between measured shear wave ve-
locities and SPT-based predicted values: (a) Clay, (b)

Sand, (¢) Silt.

Ao

600 T T T

500

Clay

A
L7 | |la CH
A CL

+1.8TD ad ?
Ay al v -7
o 400 R 30 - ]
R L A oA t ,'
w - A ,'
z 300 e “‘"’ - B
7] * 4 ’ ,‘ LY
= » , ]
2 o I
5 200 /' A LY | i
= ,' ,'/‘ *‘ ¢ Ve -’\
. ,
P4 e Pid Scattered data
100 L2 P N4 J
- .
’ ’
.’. "
- . -1.STD
0 T 'I T T T T T T T T
0 100 200 300 400 500 600
Predicted Vs using SPT-N(m/s)
600 ———— . Cam
(<) -2 . Sand
”, ,. -’
3007 ,” 7 ‘1 | SP
P K
~ +1.STD P P @® SW
& . @ 't
g o e :
: .7 /‘ ,’
> Pas e T
B 301 IR £ g -
7 - o
3 e ’ "’
= 200 4 S . ) i
’ o .
r - e
P R ’ -1.8TD
r2 s J’
i v ] 4
04— f
.,'/ ”
R4 e
0 -~ T T T T T
0 100 200 300 400 500 600
Predicted Vs using SPT-N(m/s)
600 T T T T 7T -
I’ l’ -
(o ’ ’ Silt
(<) "
500 ,-' e.- 4 @ MH
. e
+1.STD i ° . -1e ML
= ’ <
S 400+ - T % e
— ’ . F
@ , .,‘ .
= ¢ e . Lt
B 300 Phs ° ¢ P -
g " .’ s
:S—j I” .’4’ ® l"
200 "1 1 -,./ ] I,’i 4
” ’
b P ’f PR -1.8TD
100 4 e < -
Ke -
’ ”,
.’. ,‘
rd
L4
0 T - T T T T
0 100 200 300 400 500 600

Predicted Vs using SPT-N(m/s)

2l (glawlo (owy S glaodld SuSTy cwyw ¥ SIS

Fig. 3. Dispersion analysis of cohesive, granular, and
silty soils according to STD: (a) Clay, (b) Sand, (¢) Silt.



QA B AVY doxiio VFF Lo & 0yl AV (S yual lpos swdiges il

Oln! Jlowd 4o U (12 SPT 35 g (o 2 Elgel Cos por (g (Shwnsod Lol Jooo Y g

Table 3. Table of correlation relationships between shear wave velocity and SPT number for the
northern region of Iran.

Sk gos o Jge 8 R? RMSE
) Vs =¥\nanN™" “IAY PYIY
awle Vs —v. pr N LAY YO/
Sl Vs =AsNeN™" “IAY bvIb-

bulyd 9 (225 ba)kee syl paiges il slagby) jl 80 (S5
O 1yla905 nl el g 42525 e izans At ddlllas j2 ol opee
35U Wy o SB alisee glgl o sloples (3,5 o )5 45 amd e
09,5 dw 4 S gabdiwd Abb atdly b s jin <8 p 4oy B
Lol 530 by Siued <8 Lol 10 (glawle o ow ¢ o)

Joslizal b SPT sas b Sos8 (23)5 (dp Jgte (o (Nisod
2l 09 bl Jol by gse o (IS b g ) da
Ngy bad 7SS 53 1285 13 (awyp 3j90 Y ogasie (g 9
B Jode O (Shwed & by Lallyy 5 83 je ol yen & oled
lawle 5 (o (o) SB 05,5 aw gl SPT das 5 Sas8 (55
b osly ] oy SB & by 5 Gl 5SS 50wl osi &1
=AYV LG, =0/59N 70 ables .Sl asuie JBg glacdie
i Sl e ol Ggd €8 g caslie [ Siumed sy lis R
SB gl Segs (55 (p Jgte Sl () SSE ) (L oo
Casl YAV MPA B Y+ 03gi500 (4 asdlllan (pl ooy o

G, =1/9TN "7 dbslae )l jolaid] glawle S 405 IS
Jgde s sy e ol cawlio (Suon sdimdjlis R'=1/a%2 |
YY b oy SPTN b el chiwls clacSls )5 SasS i) by
Condy (o) SB &y Consd anlo gl (B Jgde VL lie
oy Jode polie pdlie XY 5l i 4 SPT-N iol5sl b Ll W s
wlo sl SB lp So g8 GBS (B Joto il yid () S
Cawl YOF MPa b A+ 03gi500 oy adlllas ol (4

G, =O/40N ™ olas ol el S5 bgy o dS 5 S >

1. Exponential trendline

IS5y ol odis duslde LS cilddllas b osds &)l Lalgy & JSU5 5o

Cusdy sloodly 5do SPT ue ¥¥ BV 05 vy sl SE (6l A0
WA ol cehasle oS elyy o D S5 505 4,8 L )5 ool
Gy LYAL Ve ojl oo sSB (lp e b S5 5 g ¥V L
ord 1)) abaly s Lld SPT sue ¢y ol il (slaodly
5 7] 05> Y] Siany (s adlin b ooy oSS sl
S e a8 3l LS awglde opl 08 awslis [YY] o)) 5 5
S oo g eS0) dallee 4 4 SPT sue b by zge Co g
VS o daly oS smd oo lis W0 JSKS ciomed .l o)) 4
2 (ol bs) ol addlbas oges canl s 3)l5e oles ;3 SPT-N
8o 5l i SPT polie 3 g oy Ve iSls ¥+ 5l S SPT yolde
W0 o i (1655 JIS s b awslds o 1) M| ko> VY ST
adllae dw b dalllas )l g osds &)l Sivsod (gldwle S <ly
03,5 dulis [YY]ohlen g S 5 [VF]eses IV]pLSen o d
S5 53wl Se3p WAL () g s adlllas 4 Slpss K)o
Sl &Y 5l 568 SPT-N ol ) (o] bs) bas adllas b w0
AMR] o pd Ve iShs NV 5l in SPT-N polie 3 5 s ¥
5 gy Oldllas ad o i L )Kes 5 s IS s & o
Indis (sl 8 1) el b aslie (o2 [YF] 0503 5 [14] oS
sdmd s (2] b)) was adlbe bd o JSKB 50 50 03,5 exlatul
b awglie 12 VA 515 oS SPTEND 5 VS (el s omb losinobe
Y YL SPT-N (¢ly (of bs) mas adllas bt .l ldlas (Koo
23308 17T a5 5 [PVl lSat 5 ot ins olallnn bt 5
B! pl )l YL Cillas 40855 )8 LA SPT-N s3gu0

At



450 T * T ~ T ~ T *~ T ~ T T~ T T * T 7
=+ = Jafari et al. (2002) (<l A
400 o [= = = Dikmen (2009) i
------- Arturo S. Daag et al. (2022) |
350 | (= Present Study Pt
g 300 -
> 250
200
150
100 —r 1 T T T T T T T T T T T T T T T 7
14 16 18 20 22 24 26 28 30 32 34
SPT-N
450 — T T T~ T T T~ T T~ T T T T T T T 1T
1 Seed et al. (1983) (@) 1
100.| [~ == Dikmen (2009)
--------- Arturo S. Daag et al. (2022)
Present study
so4 T e
g 4 T
= os0d 0 _Ae
250 477" .
200 4 - - - |
T T T T T T T T T T T T T T
18 20 22 24 26 28 30 32 34 36 38 40
SPT-N
350 T T T T T T T T T 1T
== Jafari et al. (2002) e (=)
= = = Dikmen (2009) Pid
3004l Present study R p
’
250 .
2
> ]
200 4 ]
1504 4
L e e e L e s s s B L
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
SPT-N

Claw (&) 9 dwlo (&) ¢y (W) 2 dS Oldllo UVS g SPT-N (Kinusod (519 d0] Cowats ge L duwng o 0 JSK0

Fig. 5. Comparison of obtained correlations between SPT-N and Vs with previous studies: (a) Clay, (b) Sand, (c) Silt.

Ay



QA B AVY doxiio VFF Lo & 0yl AV (S yual lpos swdiges il

T T T T T

| <& Sand

M
o

T T 1 T T
15 20 25 30 s an 45
SII-N

0 Silt

[y A& Clay
w0 |Gy = 0598176 88 s |
’ A
R* =091
250 . 'ﬂ_
& 2004 1
2
4150 -
©
100 .
50 -
D T T T
m 15 20 25 in 35
SPT-N
250
=) ‘ |
_ 174
son ] [Gmax = 040N
3
R - 0.90
= 150
&
=)
u
[CaRL
o 4{(7
L} T T
5w a5

Caw () 9 awlo (@) oy (W) 35 (0 1335 LG, SasS (5,5 (o2 Jgto ot (Shwmod (2o gy bd 7 JSLd

Fig. 6. Exponential trendline correlation between small-strain shear modulus (Gmax) and SPT-N
value: (a) Clay, (b) Sand, (c) Silt.
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Table 4. Correlation relationships between small-strain shear modulus (G, , ) and SPT number for
three soil types (clay, sand, and silt) in northern Iran.
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Table 5. Comparison of the proposed relationship (derived by substituting shear wave velocity-SPT correlations
into (G, =pV?) for sandy soils with the work of Seed et al. [13].
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Table 6. Investigating the effect of unit weight variations on Gmax for clayey, sandy, and silty soils.
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Fig. 7. Investigation of unit weight variation effects on small-strain shear modulus (Gmax) for three soil
models: (a) Normalized G___/SPT-N vs. unit weight, (b) G___vs. SPT-N relationships
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Table 7. Data from three boreholes considered for validation in Mazandaran province.. (Continued)
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Table 7. Data from three boreholes considered for validation in Mazandaran province..
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Fig. 8. Prediction accuracy of shear wave velocity (VS) and small-strain shear modulus (Gmax) using
proposed formulas for 3 new boreholes: (a)(b) Clayey soils, (c)(d) Sandy soils, (e)(f) Silty soils.
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