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Abstract

In order to assess and compare efficiency of triangular and orthogonal arrays in identification of subsurface structure
specifications up to a depth of 50 meters using microtremor waves by F-K method, two triangular and orthogonal arrays
with 13 and 12 stations (which included some sub-arrays), respectively, were studied in a site located in north of Iran
and besides the Caspian Sea called Kalarabad. Data acquisition in these arrays was carried out using three-component
seismographs with minimum and maximum distance of 5 meters and 70 meters, respectively, for at least 18 continuous
hours. In the mentioned site, dominant layering was saturated and poorly graded sandstone and shear wave velocity
profile was formerly determined for a depth up to 50 meters by Down Hole method. Natural and dominant frequency of
the site was obtained as much as 0.33 by H/V analyses. The dispersion curves obtained through processing each of sub-
arrays were extracted and then compared with the dispersion curve obtained through shear wave velocity profile of Down
Hole. This comparison indicated better efficiency of orthogonal arrays in the mentioned site. Also, azimuth direction of
wave propagation was assessed in this site and the corresponding effects on subsurface structure identifiable ranges were
studied in triangular and orthogonal arrays along with theoretical response for each form.
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1. Introduction

Nowadays, use of microtremor wave’s array method has
been widely expanded in determination of shear wave
velocity profile of subsurface layers. Dimensions and
distances of arrays are effective on determination of the
depth to be identified and the arrays with small dimen-
sions are typically used to identify the layers near the
earth surfacel.

The shape of used arrays are also so variant and trian-
gular, circular, semi-circular, orthogonal, spiral forms can

*Author for correspondence

be taken into account as the most conventional ones for
array arrangement. At the field operations in particular
urban areas, use of each form depends on spatial restric-
tions on establishment of array stations and despite of
attractions for using circular and semi-circular arrays,
triangular or orthogonal arrays are occasionally enforced
to be used?. So far, several processing approaches have
been presented including F-K, SPAC, ESPAC, MSPAC,
etc.> each of which can estimate the site-specifications
such as dispersion curve and/or spatial autocorrelation
curve based on specific assumptions and the regarding
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mathematical relations which are associated with vertical
component records of microtremor waves (obtained from
the seismographs employed in the array) and the array
geometry*.

The present study tried to investigate efficiency of
triangular and orthogonal arrays using F-K processing
method in determination of shear wave velocity of the
site besides the earth surface (up to a depth of 50 meters).

1.1 The Site-Specifications

The studied site is located in north of Iran and south of
Caspian Sea with latitude of 36 41 57 degrees and lon-
gitude of 51 15 47 degrees as well as an approximate
distance of 200 meters from beach in south side of the
main road in Mazandaran province. Satellite map of the
site area is shown in Figure 1 along with the soil layer-
ing profile and mean numbers curve of NSPT. In this site,
totally 6 test holes with different depths- with a maximum
digging depth of 70 meters- and 3 down hole tests were
carried out at the preliminary and complementary geo-
technical identification phase. According to these studies,
the desired land is composed of 4 single layers up to the
depth of 70 meters in so far as the first layer is mostly
formed loose poorly graded Sandstone (SP) with a thick-
ness of 8 meters, the second layer owns low-plasticity clay
with silt (CL) with a thickness of 6 meters, the third layer
contains moderately dense Clayey Sandstone (SC) with
a thickness of 6 meters and the fourth layer consists of
dense poorly graded sandstone with CL interbeded (SP)
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and thickness of above 50 meters. Groundwater level was
also observed at the depth of 6 meters. Shear wave veloc-
ity profile obtained from Down Hole Test and the corre-
sponding dispersion curves are depicted in Figure 2.

1.2 The Arrays Properties

At the desired site, two triangular and orthogonal arrays
with 13 and 12 stations, respectively, were located using
3-component seismograph CMG-6TD-GURALP for
at least 18 continuous hours within 2 days with similar
climate and traffic conditions. Sampling frequency was
100 sps at all measurements and in order to allow mea-
surements overlapping with the least possible error, each
receiver was connected to a GPS. In triangular array, the
closest and furthest distance between stations were D ;,
= 5.m and D,,, = 69.3m, respectively while they were
Dpin = 10.m and D, = 60.m in orthogonal array. Figure
3 shows the arrangement style per array. The mentioned
triangular array can be considered with 13 sub-arrays as
well as at least 4 stations and at most 13 stations. Besides,
orthogonal array can be taken into consideration with
15 sub-arrays as well as at least 3 stations and at most 12
stations.

2. Data Processing

Since the records were logged continuously for more
than 18 hours, these records were initially separated as
one-hour timescales and the obtained mappings were

Caspian

Figure 1. Satellite map of Kelarabad Site, the soil layering profile and NSPT number range at depth.
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Figure 2. Shear wave velocity profile at the depth along with the corresponding dispersion curve.
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Figure 3. Triangular and orthogonal arrays arrangement plan in Kelarabad site.

compared to ensure devices performance which indicated
stationary mappings. In doing so, single-station analysis
was carried out using Nakamura method®. Figure 4 shows
H/V analysis results related to 13 triangular array sta-
tions. Given the conducted analyses at all stations located
in Kelarabad site, the dominant frequency in 13 stations
were estimated about 0.33 Hz which can be evaluated
as the site dominant frequency. In this frequency, the
magnification greater than 4 and small standard devia-
tions were acceptable. According to these results, Kelar-
abad site is argued to be placed in category of low natural
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frequency sites thereby these processes reveal the devices
performance conformity as well as parallel and almost
homogenous layers assumptions achievement in the site.
As mentioned earlier, data processing and dispersion
curve extraction by F-K method was considered in pres-
ent paper. This method has been widely used by various
researchers, such as36-33,

In conventional F-K method, a high quality disper-
sion curve can be obtained by adjustment of opening and
distance between the stations with desired wavelength
range (from shorty to long wavelength)3*. In this method,
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Figure 4. Single-station analysis results by Nakamura
method for 13 stations located in Kelarabad site.

restricted array opening can decrease separation ability in
low frequencies. For instance, lack of proper separation
ability can cause some problems to gain wave number
from F-K range in low frequencies particularly in case of
multiple wave sources which get the station from different
directions (Wood and Lintz, 1973). The separation limits
of an array are controlled by the minimum wave number
(Kiin) which itself depends upon the geometry and the
maximum opening of array.

In present study, the records processing was carried out
using the software Sesarray in order to reach dispersion
curve and shear wave velocity profile by F-K method??.
At Build-Array section of mentioned software, theoretical
response of each triangular and orthogonal sub-array was
extracted and based on which maximum and minimum
wavenumbers (K., K,i,) and wavelengths (A .o Amin)
were determined which could be identified according to
geometrical properties of sub-arrays. Tables 1 and 2 pres-
ent a summary of these results along with geometrical
properties of each sub-array for triangular and orthogo-
nal forms, respectively.

Kuin/2 and Ky, values in above Tables are controller
values per different azimuth directions. In other words,
Kyin/2 is the greatest Kyy;,/2 among different directions in
the table and Ky, is the lowest Ky, in the table associ-
ated with different directions of wave propagation. These
values were also extracted per different directions and as
addressed by other researchers as well, Ky;,/2 values are
wave propagation-independent triangular arrays there-
fore in orthogonal arrays; this value is sensitive to the
propagation angle. According to this issue, single-station
analysis was carried out by H/V Rotate method using
three-component mappings from the site®’. The final
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Table 1. Triangular arrays properties and maximum
and minimum values for wave number and wavelength
as the theoretical response of array

3

Array | NO D D DMax | K K AMax | AMin | AR

Name | Sensor [ Min | Max | /DMin, Min}Zl Max
Al 4] 5 [ 86| 1.72 | 0.265|1.19| 23.66| 5.29 | 18.37
B1 4] 10 [173[ 1.73 | 0.133 | 0.59| 47.33 [ 10.59 36.74
c1 4 20 | 346 1.73 | 0066 | 0.3 | 94.66 | 21.17 | 73.49
[a} 4| 40 | 693) 1.73 | 0.033 | 0.15| 189.32 | 42.35| 147
E1 7| 5 |173] 3.46 | 0.159 | 0.76| 39.63| 8.32| 31.31
F1 7| 10 | 346| 346 | 0,079 | 0.38| 79.26 | 16.64 | 62.62
G1 7| 20 [ 693 3.46 | 0.04|0.19]158.53 ] 33.28 125.2
H1 7| & [346] 692 | 0.089|1.08| 70.82| 5.8]65.02
11 7| & [ 693 1386 | 0.046 | 0.14 | 136.76 | 44.72 | 92.04
K1 7| 10 [693[ 6.03 | 0.044 | 0.54|141.65| 11.6| 130
M1 10| 10 [ 693 6.03 | 0.047 | 0.39] 132,63 [ 16.25] 1164
N1 10| 5 [346) 692 | 0.095 | 0.77| 66.31 | B.13 | 58.19
o1 13| 5 | 693] 1386 | 0.055| 0.8|113.35| 7.88 | 1055

Table 2. Orthogonal arrays properties and maximum

and minimum values for wave number and wavelength
as the theoretical response of array

Name | N | Dmin | Doy | Deoax/ Dok | Keoin/2 | Kmax | dsas | Joain | A%

A2 4 10 20 2 0.151 .44 32,88 | 1437 | 18.52
B2 7 10 40 4 0.143 0.3& 43,96 | 17.27 | 26.69
cz 10 10 40 4 0.085 0.54 7367 | 11.57| 62.1
D2 3 10 142 1.42 0.24 046 26.22 | 13.70 | 12.52
E2 3 20 285 1.42 0.12 0.23 5244 | 2740 | 25.04
FZ 3 30 424 1.42 0.02 015 7866 | 41.11 | 37.55
G2 3 30 50 1.67 0.072 o1l 87.49 | 54.78| 32.7
HZ 3 30 583 1.54 0.069 0.09 91.24 | 6849 | 22.76
12 5 10 28.5 2,85 0.152 0.53 41,32 ) 11,54 | 29.38
12 5 10 424 4.24 0.054 0.39 67,15 | 15,93 | 51.16
K2 5 10 424 4,24 0.107 {1 58,92 | 3191 | 27.02
L2 7 10 424 4,24 0.11 .56 56,91 | 11.31| 45.6
M2 8 10 50 5 0.102 0.55 61,37 | 11.33 | 49,38
NZ 9 10 EE3 E.23 0.101 0.55 61.94 | 11.47 | 50.47
0z 12 10 &0 6 0.055 0.57 114.85| 10,95 | 10348

result of mentioned processing indicates predominant
direction of about 150 degrees for microtremor wave's
propagation. Therefore, theoretical response of orthog-
onal arrays was extracted for above azimuth which is
shown in Figure 5 as the sample for array L2. As it can be
seen, Kyg,/2 value was decreased from 0.11 to 0.06 which
means increased A, from 114 meters to 210 meters and
as it will be discussed in the next section, it is in line with
the corresponding value obtained from array processing.

Since array method is based on mapping the vertical
component of Rayleigh waves and its field operations
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Figure 5. Theoretical response of L2 orthogonal array
in azimuth direction of 150 degrees, microtremor waves
propagation.

are possible by employment of single-component equip-
ment?, it is noteworthy to recommend that in case of
sensitive array arrangement to azimuth direction, at least
one 3-component device is necessary to be used in order
to determine dominant direction of microtremor waves
propagation and extract the resulted valued from theoret-
ical response for mentioned azimuth and thereafter to use
and compare them. In this regard, greater depth ranges
can be identified compared to subsurface structure.
Figure 6 shows the obtained dispersion curve for the
sub-array E1 in four selected hours 03:00, 09:00, 15:00 and
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Figure 6. Dispersion curve of triangular array for 7 sta-
tions in four selected hours 03:00, 09:00, 15:00 and 21:00 in
local time.
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21:00. According to proper fitness of dispersion curves in
different hours and lower noise at 03:00 a.m. local time,
the processes associated with the hour 03:00 a.m. were
considered as the selected time in results comparison.

Figure 7 depicts dispersion curve of two triangular
(O1) and orthogonal (O2) arrays relative to dispersion
curve spectrum of an appropriate parametric model of
layering and layers shear wave velocity. Misfit value which
was calculated from Equation 1 (based on Figure 828) by
the software was shown as about 0.07 for both arrays
which indicates appropriateness of the selected paramet-
ric model. Nevertheless, this does not mean fitness of
shear wave velocity profile obtained from regression anal-
ysis with base profile of the site. Since regression analysis
may cause some errors or uncertainties in estimation of
shear wave velocity profile, comparison can be referred to
the prior stage of regression analysis and thereby compare
fitness of dispersion curve obtained from processes with
the corresponding dispersion curve of the base profile
(obtained from Down-Hole Test).

Therefore, the next figures show dispersion curve
related to the sub-arrays along with the corresponding
dispersion curve with the base dispersion curve. Figures
9 and 10 depict dispersion curve of 7-station triangular
sub-arrays and dispersion curve of 10-station triangular
sub-arrays, respectively.

Slowness (s/m)

Frequency (Hz)

|
-
0.07 0.o8 0.09 o0.1
Misfit value

Figure 7. 'The comparison on dispersion curve of triangu-
lar (O1) and orthogonal (O2) arrays with dispersion curve
spectrum of the appropriate parametric model.
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The dispersion curve obtained from 5-station orthog-
CﬂlCUlGTEd curve onal sub-arrays is shown in Figure 11 and that of 8-9-
10- and 12-station orthogonal sub-arrays is depicted in
Figure 12. Furthermore, dispersion curves of 4-station
triangular arrays and 3- and 4-station orthogonal arrays
had no appropriate fitness with the base profile.

0.006-
5 Base
0.005— Dispersion
Fimp &
£
£0.004-
. ("] -
Figure 8. g E h *
20.003- 1”n ;}
- : E v
0.006— e
= H1, n.nnz-—ﬂf;
& Base ¥ ]
0.005- - - K2
£ : 0.001-
- 1 1 1 I 1 1 1 I 1 1 1 | LI | I
£0.004— 2 4 6 8 10
% Frequency (Hz)
§0.003
I Figure 11. Dispersion curve of 5-station orthogonal sub-
— arrays compared to the base profile.
; -
R 1 |
R T S S SR * B
Frequency (Hz) B Base C2
0.005- Dispersion
Figure 9. Dispersion curve of 7-station triangular sub- = - Curve N2
arrays compared to the base profile. =
20.004-
= 2
» =
u -
0.006— go.om—
: Base ** -
NS Dispersion 0.002-
E - Curve :
$0.004= :
= - 0.001-
% = I 1 1 I 1 1 1 I 1 1 1 I LI | |
g s 2 4 & 8 10
30'003__ Frequency (Hz)
= Z
- n=10 ) ) )
0.002— Figure 12. Dispersion curve of 8-, 9-, 10- and 12-station
- orthogonal sub-arrays compared to the base profile.
- 0.001- . S S e B . o B e O
2 3 § 8 10 . .
Frequency (Hz) 3. Discussion
Figure 10. Dispersion curve of 10-station triangular sub- As it can be seen from Tables 1 and 2, minimum and
arrays compared to the base profile. maximum values for the wavelength related to each array
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was calculated according to wave number resulted from
the theoretical response. Also, according to uncertainty in
extraction of precise shear wave velocity profile, achieve-
ment of what a wavelength range identified by measure-
ments done at each stage is of high importance. Definitely,
the lower identified minimum wavelength and the greater
identified maximum wavelength, the higher potential for
array in the soil profile determination. The correspond-
ing identification depth of received information from
each wavelength for low depths is conventionally consid-
ered as much as one third of the wavelength (Sebastiano
Foti, 2000). Therefore, the velocity profiles resulted from
inversion process will not be validated within the range
lower than the corresponding depth of minimum wave-
length (A,;,) and greater than the corresponding depth of
maximum wavelength (A,,.,). These values can be read-
ily calculated for any arrays and any processing practice
by reading frequency and slowness at the beginning and
end of extracted dispersion curve. Consequently, another
important note here is the fitness of obtained curve with
the specific-site curve where calculated misfit values per
process relative to the specific-site curve can quantita-
tively indicate the mentioned fitness. Dispersion curve of
two arrays including O1 (triangular with 13 stations) and
02 (orthogonal with 12 stations) in comparison to dis-
persion spectrum of the parametric model was presented
formerly in Figure 7 and Figure 13 depicts the compari-
son of these two curves compared to the base dispersion

curve.
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Perpendecular
- n=12
o
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DISPERSIO
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Figure 13. Comparison between dispersion curve of two

arrays including Ol (triangular) and O2 (orthogonal) and
the base dispersion curve.
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These two arrays own an approximately similar fre-
quency range of 2-8 Hz so that according to equal slow-
ness in frequency of 2 Hz and a relative equivalence in the
frequency of 8 Hz, both arrays offer maximum and mini-
mum wavelength as 200 meters and 23.5 meters, respec-
tively, which may be useful for identification of the depth
of 7 to 70 meters. Therefore, as it can be seen in terms of
fitness with the base profile, the array O2 has better condi-
tions and misfit values for two arrays O1 and O2 relative
to the base profile are 1.26 and 0.85, respectively, which
quantitatively address better fitness of the array O2 in F-K
method. As it was seen from Figure 7, these two arrays
were applied in a parametric model where misfit value
was obtained lower than 0.07 which indicates inappropri-
ateness of parametric model to compare fitness and efhi-
ciency of two arrays. Minimum and maximum distance of
the array O1 were 5 meters and 69.3 meters, respectively,
while they were 10 meters and 60 meters, respectively, in
the array O2. However, although O2 orthogonal array has
more limited dimensions compared to O1 triangular array,
it shows a better efficiency and fitness which addresses
excellence of orthogonal arrangement in comparison with
triangular one in F-K method. As another instance in Fig-
ure 14, F1 triangular array and L2 orthogonal array (each
with 7 stations and maximum distances of 34.6 meters
and 42.4 meters, respectively) were compared. This com-
parison also indicated better efficiency of orthogonal array
in this method. Misfit values of F1 triangular array and
L2 orthogonal array relative to the base dispersion curve
were obtained 1.62 and 1.06, respectively.
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Figure 14. The comparison between dispersion curve of
F1 triangular array and L2 orthogonal array and the base
dispersion curve.
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Almost at all triangular and orthogonal arrays, the
array dispersion curve was placed beneath the base dis-
persion curve which means estimation of greater veloci-
ties in equilibrium depths. This difference is much higher
in triangular arrays which offer greater velocities relative
to the base shear wave velocity profile (resulted from
Down Hole) compared to orthogonal arrays in extracted
shear wave velocity profile from regression analysis. The
greater shear wave velocity resulted from array method
can be due to nonlinear behavior of the soil in different
strains. Since the strains made in the soil resulted from
microtremors are quite (completely) lower than those
in Down Hole Test conditions therefore correspond-
ing velocities in each depth show greater values in array
method.

4. Conclusion

In Kelarabad site, orthogonal arrays showed a better effi-
ciency compared to triangular ones in the processes con-
ducted by F-K method and even in the arrays with more
limited dimensions and lower number of stations, disper-
sion curve of orthogonal arrays is clearly closer to the base
shear wave velocity profile. Also, it can be expected that in
the conditions similar with triangular array, orthogonal
arrays will show a more appropriate fitness (as much as
about 30%) with the site-specific dispersion curve. How-
ever, it is noteworthy to consider that triangular arrays
have more capabilities to fit with desired geometries of
other methods (e.g. SPAC), compared to orthogonal array.

Orthogonal arrays in some of wave propagation direc-
tion ranges have such a potential to identify a wider range
of subsurface structure depth while triangular arrays are
not sensitive to waves propagation azimuth.

In corresponding depths, both triangular and orthog-
onal forms yield greater shear wave velocity than those
obtained from Down Hole Test. However, this difference
is higher in triangular arrays and orthogonal arrays esti-
mate more appropriate values.
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