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ABSTRACT: 12 
Microtremor measurements for the seismic microzonation of the Kathmandu Valley 13 

were conducted at 75 stations spread across a 500 m × 500 m grid in the current study. 14 
The amplification factor (Ap) and predominant frequency (Fp) of the surface soils are 15 
estimated using the Horizontal-to-Vertical Spectral Ratio (HVSR) approach. The 16 
findings indicate that Fp ranges from 0.7 to 5.45 Hz and Ap spans from 1.0 to 6.2 Hz 17 
throughout the valley. Higher frequencies are found on the basin borders and in the 18 
southern regions where shallower stiff deposits predominate, whereas lower frequencies 19 
are found in the northern regions with thick lacustrine sediments. The soil classification 20 
revealed 1.3\% very soft, 24\% soft, and 74.67\% stiff soils based on the fp. 21 
Bhaktapur (B-21) and Lalitpur (L-24), two highly populated locations with a fragile 22 
building stock, were found to have significant amplification sites, suggesting a high 23 
potential for soil-structure resonance. The stable zones below 1.5 Hz showed low 24 
amplification, while Bhaktapur (4.39 Hz) and Lalitpur (5.45 Hz) showed the highest 25 
amplification, suggesting potential liquefaction or slope instability risks that need to 26 
be verified by geotechnical data and shear-wave velocity profiling. By facilitating 27 
neighborhood-level hazard assessments and offering helpful data to architects, 28 
engineers, and urban planners, the 500 m grid spacing greatly increased the 29 
microzonation resolution. Despite its limitations, such as the inability to completely 30 
quantify soil dynamics, the absence of two or three-dimensional basin modeling, and 31 
ambient noise interference, the HVSR approach is a reasonable starting point for valley-32 
wide microzonation. To validate risk zones and improve engineering applications for 33 
seismic hazard assessment and catastrophe mitigation, future research should include 34 
these findings with MASW surveys, borehole Vs30 data, and numerical basin response 35 
models. The findings show that macro-scale danger maps often oversimplify the highly 36 
varied soil in the Kathmandu Valley. 37 

Keywords: Seismic microzonation, Microtremor (HVSR), Predominant frequency, 38 
Am-plification factor, Earthquake hazard 39 
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1 Introduction 40 

The Kathmandu Valley is among the most seismically vulnerable areas in the Himalayas 41 
because of the tectonic setting, rapid urbanisation and unique geological configuration 42 
(Acharya et al., 2021). The interaction between the Indian and Eurasian plates has 43 
resulted in a complex network of faults, which have been responsible for frequent and 44 
large earthquakes in 1934, 1966, 1980, 1988 and 2015 (Pokharel & Goldsworthy, 2017; 45 
Sapkota et al., 2024). 46 

The 1934 Bihar-Nepal earthquake and the 2015 Gorkha earthquake resulted in exten-47 
sive destruction, underscoring the seismic risk of the region as well as the vulnerability 48 
of the built environment (Bilham, 2019; Gautam & Chaulagain, 2016). Local site effects 49 
due to thick lacustrine sediments with depths up to 600 m in places (Paudyal et al., 2012) 50 
have played a strong role in determining the severity of impacts of the earthquake in the 51 
valley. These soft sediments intensify the ground shaking, generate long period vibrations 52 
and may cause soil-structure resonance leading to substantial increase in the likelihood 53 
of structural damage and collapse (Dhakal et al., 2012; Pandey et al., 2021). 54 

Although the progress in the seismic risk studies in Nepal has been made in the last 55 
decades, most of the studies were performed at regional or macro scales and did not con-56 
sider the Site-specific variability of the soil response adequately within the Kathmandu 57 
Valley (Ranjan et al., 2016). This restriction is a big issue, the site-specific input pa-58 
rameters including the local amplification and resonance effects are still absent in the 59 
engineering design codes and urban planning strategies. The fast-growing population, 60 
dense infrastructure and cultural heritage of the valley and the lack of detailed seis-61 
mic microzonation severely hamper disaster risk reduction efforts (Kawase et al., 2011; 62 
Pokhrel et al., 2020). The lack of borehole data and the high cost of invasive geotechnical 63 
investigation in a densely urbanised environment compounds the problem. 64 

The present study aims to fill this gap through three main objectives: (1) assessing 65 
spatial variability of predominant frequency and amplification factor in Kathmandu Val-66 
ley using Horizontal-to-Vertical Spectral Ratio (HVSR) technique; (2) preparing frequency-67 
and amplification-based seismic microzonation maps classifying soils into very soft, soft 68 
and medium categories; and (3) identifying critical areas susceptible to resonance and 69 
amplification effects having higher seismic risk. These objectives are framed within the 70 
overarching goal of providing data-driven insights to apprise earthquake-resistant designs, 71 
urban planning and seismic risk controlling. 72 

The study is based on microtremor data collected from 75 sites, systematically dis-73 
tributed over the Kathmandu, Lalitpur and Bhaktapur districts, in a 500 X 500 m grid. 74 
The HVSR method (Nakamura, 1989; Pamuk et al. 2018) was applied due to its low cost, 75 
non-invasive nature and applicability in urban areas where intrusive subsurface testing 76 
is not feasible and because it has been widely validated in similar sedimentary basins 77 
around the world (Lermo & Chávez-García, 1993; Pamuk et al., 2017). The study high-78 
lights the predominant frequency and amplification factors to understand the important 79 
site response characteristics for microzonation. 80 

The HVSR method primarily provides the fundamental frequency of soft sediments 81 
but offers little quantitative constraint on the shear-wave velocity profiles without ad-82 
ditional geotechnical data (Konno & Ohmachi, 1998; Bard, 1999). Second, the study 83 
area is restricted to the three core districts of the valley and does not include outlying 84 
areas, which may also be prone to seismic hazard. Third, the interpretations are based on 85 
the ambient vibration records that might not fully capture the non-linear soil behaviour 86 
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expected under strong earthquake shaking. The limitations imply that the results are 87 
useful for relative zoning and preliminary planning, but in future studies these should 88 
be combined with borehole data, geotechnical tests and ground motion data records to 89 
improve the data of seismic microzonation of Kathmandu valley. 90 

Significant local diversity in soil response has been noted in previous research (Paudyal 91 
et al., 2012; Bijukchhen et al., 2017; Chamlagain & Gautam, 2015). Nevertheless, most 92 

assessments depend on sparse measurement networks. Knowledge was advanced by the 93 
recent municipal scale microzonation (Sakhakarmi et al., 2024), but it lacked dense cov-94 
erage throughout the valley and reliable borehole confirmation. This study addresses 95 
several research gaps by applying the HVSR method to estimate amplification factors 96 
and predominant frequencies at 75 sites distributed on a uniform 500 m $\times$ 500 m 97 

grid. Soil conditions are classed into stiff, soft, and very soft categories based on am-98 
plification thresholds following SESAME guidelines. Microzonation maps for frequency, 99 
amplification, time-period and site classification have been prepared for Kathmandu, Lal-100 
itpur and Bhaktapur considering their spatial variation. The study also identifies areas of 101 
potential resonance and amplification to help mitigate earthquake risk and aid in urban 102 

planning. Finally, this work provides new insights into local seismic site effects, combining 103 
borehole-based validation with one of the first valley-wide, high-density HVSR datasets. 104 

Finally, this study fills a major gap in knowledge on seismic microzonation of Kath-105 
mandu Valley by generating detailed spatial maps of predominant frequency and am-106 
plification using HVSR-based microtremor analysis. The findings strengthen valuable, 107 
practical insights for engineers, urban planners and policymakers, thus strengthening the 108 
scientific basis for earthquake risk reduction and resilient urban development in one of 109 

the world’s most seismically vulnerable areas. 110 
 111 

 112 
Figure 1. Generalized Geology of Kathmandu Valley Source: (Department of Mines and 113 

Geology (DMG), Nepal) 114 
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2 Area Of Investigation 115 

The Kathmandu Valley is an intramontane basin in the Lesser Himalayas, characterized 116 
by Quaternary lacustrine deposits overlying weathered bedrock (Dangol, 1985). Sedi-117 
ments included clay, silt, sand, and gravel, reaching a thickness of 600 m in the northern-118 
central valley. The surrounding hills are composed of metamorphic and sedimentary 119 
rocks, resulting in strong impedance contrasts at the basin margins (Sakai, 2001; Gau-120 
tam & Yoshida, 1988). The valley is densely built up with medium rise concrete buildings, 121 
many of which are susceptible to soil-structure resonance. Figure 1 is the geological engi-122 
neering map of the Kathmandu Valley and surrounding area prepared by the Department 123 
of Mines and Geology (DMG). The research area consists of black clay soil of the Kalimati 124 
Formation, recent floodplain deposits of the Hanumante River and basement rocks of the 125 
Tistung Formation along the edge of the basin. The fine silt, sand and clay-rich humus 126 
that makes up floodplain deposits. Precambrian to Devonian Tistung Formation consists 127 
of greenish grey to brown fine-grained phyllite and slate with sand and quartzite. Several 128 
studies indicate that Kathmandu Valley is characterised by weak geological formations 129 
and very loose soil structures (Chapagain et al. 2010; Kawan et al. 2019). Figure 2 and 130 
Figure 3 show the area of investigations and microtremor survey points. 131 

 132 

 133 
Figure 2. Map Showing Study Area (Kathmandu Valley) 134 
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 135 

 136 
 137 
 138 
 139 
 140 
 141 

 142 
Figure 3. Microtremor Survey points for the Study assigned in Kathmandu Valley (Core area 143 

of Kathmandu, Bhaktapur and Lalitpur District Observation Point) 144 

 145 

3 Materials And Methodology 146 

3.1 Instrumentation 147 

A portable geophone HG-6, which is small in size, lightweight, and simple to set up, was 148 
used for ambient vibration measurements. It is made by HGS (India) Limited, with tech-149 
nology transfer from sensor Nederland BV, and has a natural frequency of 4.5 Hz. Inside 150 
the enclosure, the three sensors that comprise the gadget are positioned at right angles to 151 
each other the sensor detects three distinct components: one vertical (up-down) direction 152 
and two horizontal (east-west and north-south) directions. As illustrated in Figure 4(a) 153 
& 4(b), Themino-Dolfrang data-gathering data gathering software (www.theremino.com; 154 
Magaro 2016) and a portable laptop were used to capture microtremors in free fields and 155 
structures. The HG-6 geophone was utilized in this investigation to gather ambient vi-156 
bration data because accelerometers are not advised for measuring microtremors because 157 
they are insensitive to frequencies lower than 1 Hz (SESAME 2004) and require a long 158 
time to set up. 159 

http://www.theremino.com/
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  160 
(a) (b) 161 

 162 
Figure .4 Microtremor Measurement (a) Instrumentation for the data acquisition and (GPS) of 163 

the microtremor station. (b) Instrumental setup for microtremor survey 164 

 165 

3.2 Free-field measurements and analysis 166 

Microtremor observations were carried out at 75 strategically distributed sites within 167 
Kathmandu, Lalitpur, and Bhaktapur districts. A grid spacing of 500 $\times$ 500 m 168 
was used to capture the geological variability within the valley. In total 75 measurement 169 
stations, each at 25 stations in the respective Kathmandu, Lalitpur, and Bhaktapur 170 
districts, were observed as shown in Fig. 3 above. A Geographic Positioning System 171 
(GPS) of the microtremor station. Table 1 displays the configuration of the soil-sensor 172 
connection, recording settings, and recording length. At a sampling frequency of 100 173 
Hz, Ambient noise recordings of 30–45 min were collected from each site using portable 174 
three-component seismometers. GEOPSY, an open-source program created as part of the 175 
SESAME European project, was used to handle and analyze microtremor data. A window 176 
length of 20–25 s was used. Stationary windows were selected to provide a minimum of 177 
20 windows for processing and analysis. 178 

The minimum ratio of (STA) to (LTA) was set at 0.2, and the maximum ratio was 179 
at 2, to remove transient energy noise (such as footsteps, industrial disturbances, nearby 180 
traffic, etc.) from ambient vibration recordings and preserve only quasi-stationary win-181 
dows (SESAME, 2004). The velocity-time history and noise reduction of all three signal 182 
components (N-S, E-W and U-D Directions) are shown in Figure 5. Fast Fourier Transfor-183 
mation (FFT) was then used to analyze each stationary window (each rectangular shape 184 
in Figure 5) and produce the Fourier amplitude spectra. The resulting spectra were ta-185 
pered using a 5% cosine taper after being smoothed with the Konno–Ohmachi smoothing 186 
function, with a filter coefficient b value of 40 (Konno and Ohmachi, 1998; Cox et al., 187 
2020). According to Gallipoli et al. (2004), SESAME (2004), Gosar (2010), Gosar et al. 188 
(2010), Paudyal et al. (2012), and Molnar et al. (2022), the fundamental frequency of 189 
the free field is the frequency corresponding to the distinct HVSR peaks. Because of its 190 
ease of comprehension, effectiveness, and computational simplicity, the Inverse Distance 191 
Weighted (IDW) method was used for interpolation to create a frequency-based seismic 192 
microzonation map (Tuladhar et al., 2004; Paudyal et al., 2012; Wu and Hung, 2016). 193 
The processing and analysis of microtremor data were carried out using Python Coding 194 
and compared with the results of the Geopsy. The measurements must be taken at mid- 195 
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√︂
F EW,i 

night, when social activities almost end, in order to eliminate the impact of a tremor 196 
whose source can be identified. However, this process substantially lessens the benefits 197 
of the microtremor “Nakamura” method. The (HVSR) methodology is one of the most 198 
widely used methods for assessing ground responses using microtremor readings. Using 199 
microtremor recordings, this approach measures the ground motion spectra in both hor-200 
izontal and vertical directions. The data was processed according to SESAME (2004) 201 
guidelines. Noise-free time windows were selected, and Fourier spectra were computed. 202 
The Horizontal-to-Vertical Spectral Ratio (HVSR) method was applied to extract the 203 
predominant frequency (Fp) corresponding to the HVSR peak and amplification factor 204 
(Ap) corresponding to its amplitude. 205 

According to Nakamura (1989),the HVSR is given by: 206 
 207 

 208 
 209 

HVSR(ω) = 210 
211 

2 212 
NS,i 213 

214 
(ω) + F 2 215 

216 
(ω) 217 

218 
 219 

(1) 220 
FUD,i(ω) 221 

 222 
Where, 223 

FNSi(w)2 and FEWi(w)2 are north-south and east-west Fourier amplitudes, respec-224 
tively. Each interval’s up-and-down components, with w being the frequency. 225 

The HVSR curve provides valuable information regarding the soil properties of the site 226 
and its susceptibility to local soil amplification. Several key observations can be made. 227 
The fundamental frequency of the soil column is frequently associated with the frequency 228 
at which the HVSR curve reaches its highest value. This frequency can give insights 229 
about the depth of the groundwater table and the soil layering and stratification at the 230 
site. The amplitude of the HVSR peak can indicate the site’s potential for amplifying 231 
ground motions, which can be relevant for assessing the potential for liquefaction. 232 
 233 
 234 
 235 

 236 
 237 
 238 
Figure 5. Typical microtremor data measurement pattern with N-S, E-W and U-D Directions 239 
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3.3 Calculation of Natural Period of Layered soil 240 

Sum of layer periods: According to Sawada(2004),the natural period was found to be 241 
a twice-two-way period by summing the times that a shear wave travels through each 242 
stratum. 243 

N 244 
T = 4 i , (2) 245 V 246 

i=1 i 247 

where, as seen in figure 6 (Sawada, 2004), Tc refers to Characteristic Period of the soil 248 
profile, Vi and Hi stand for the ith layer’s thickness and shear velocity and N refers 249 
Number of Layers (excluding bedrock). 250 
 251 
 252 

 253 
Figure 6. Parameters of ground model (Sawada, 2004) 254 

 255 

3.4 Soil Classification and Mapping 256 

Sites were categorized into three soil classes according to the SESAME Guidelines based 257 
on Ap values: Ap < 2 (stiff soil or rock),2 ≤ Ap < 4_softsoil), andAp ≥ 4 (very 258 
soft or deep soft sediments). Spatial interpolation was applied to develop preliminary 259 
microzonation maps for Fp, Ap, time-period, and Soil Classification. 260 

 261 

3.5 Seismic Zoning Types 262 

Stable zones are characterized by a lower amplification factor (Amp < 1) and, a higher 263 
frequency (shorter time-period, usually <0.5 s), and typically may indicate corresponding 264 
to stiffer or soft soil (not "very soft"). Similarly, areas susceptible to local amplification 265 
exhibit moderate frequencies (1–2 Hz) with amplification > 2, and even in cases where 266 
the soil is " soft," these locations exhibit considerable amplification and intense shaking 267 
during seismic activity. Finally, the most dangerous zones are those that are prone to 268 
instability (resonance, liquefaction potential, ground failure), with very low frequencies 269 
(<1.5 Hz, time-period > 0.7–0.8 s), high amplification (>3), and soil classification may 270 
indicate very soft. 271 
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3.6 Analytical Evaluation 272 

Ground acceleration as a function of time is displayed in the time-history record. The 273 
beginning of the record is somewhat modest, followed by a strong-motion interval that 274 
lasts from 10 to 40 seconds, after which there is a slow decrease with ongoing oscillations. 275 
The rebuilt series shows a peak absolute acceleration of roughly 0.165 g, which is in line 276 
with the earthquake input motion discussed in the manuscript. Because it maintains the 277 
input motion’s duration and amplitude properties, this record is crucial for site-response 278 
analysis. Because it has the most cycles, the strong-motion section makes the biggest 279 
contribution to the computed soil response. The input motion is propagated across the 280 
soil profile for DEEPSOIL analysis in order to assess how local ground conditions alter 281 
the amplitude and frequency content. 282 

 283 

3.7 Conceptual Basis of One-Dimensional Site-Response Model-284 

ing 285 

The soil deposit is idealized as a stack of horizontal layers overlying a relatively rigid 286 
bedrock. For vertically propagating SH waves, the seismic response can be represented 287 
by the one-dimensional shear-wave equation. Let u(z, t) denote horizontal particle dis-288 
placement, ρ(z) the mass density, and G(z) the shear modulus. According to Kramer 289 
(1996), the governing equation is 290 
 291 

 ∂ 292 
G(z) 293 

∂z 294 
295 

∂u(z, t) 296 

∂z 297 
298 

= ρ(z) 299 
300 

∂2u(z, t) 301 

∂t2 . (1) 302 

Kramer (1996) explained for a homogeneous layer in which G and ρ are constant, the 303 
governing equation reduces to the classical wave equation: 304 

∂2u 1 ∂2u 305 

∂z2 = 
V 2 ∂t2 . (2) 306 

The shear-wave velocity is related to shear modulus and density given by Kramer 307 
(1996), 308 

V = 

√︂ 
G

. (3) 309 

 310 
Therefore, the stiffness of each soil layer can be represented either by G or by Vs. The 311 

supplied manuscript states that Vs was used to define soil stiffness in the present analysis. 312 

 313 

3.8 Layered-Soil Transfer Function 314 

For harmonic SH-wave motion, displacement in a homogeneous layer can be expressed as 315 
the superposition of upward- and downward-propagating waves by Kramer (1996): 316 

u(z, t) = Ae−ikz + Beikz eiωt. (4) 317 

where A and B are wave amplitudes, ω is circular frequency, and k is the wave number: 318 

ω 319 
k = = 320 

Vs 321 
322 

2πf 323 

Vs 324 

325 

 326 
. (5) 327 

Ȑ ȏ 



10  

σ  h 

The shear stress associated with the wave given by Kramer (1996) is 328 

∂u 329 
τ (z, t) = G 330 

∂z 331 
332 

. (6) 333 

At an interface between two layers, displacement and shear-stress continuity are im-334 
posed: 335 

 336 
u1 = u2, (7a) 337 

τ1 = τ2. (7b) 338 

These boundary conditions account for impedance contrasts between adjacent layers. 339 
The seismic impedance of a layer given by Kramer (1996) is 340 
 341 

Z = ρVs. (8) 342 

A large impedance contrast between soft sediment and stiff underlying material can 343 
generate substantial wave reflection and constructive interference. The frequency-dependent 344 
surface response can therefore be expressed through a transfer function provided by 345 
Kramer (1996): 346 

H(f ) = 
Asurface(f ) 

. (9) 347 
Abedrock(f ) 348 

where Asurface(f ) and Abedrock(f ) are the Fourier amplitudes at the ground surface and 349 
engineering bedrock, respectively. The amplification factor at a particular frequency may 350 
consequently be written as 351 

AF (f ) = |H(f )| . (10) 352 

 353 

3.9 Fundamental Frequency and Resonance of the Soil Column 354 

For a simplified homogeneous soil layer of thickness H over rigid bedrock, the fundamen-355 
tal resonance frequency is approximately governed by the quarter-wavelength relation 356 
explained by Kramer (1996): 357 

 Vs 358 
f0 ≈ . (11) 359 

4H 360 

According to Kramer (1996),for a multilayer soil column, a more appropriate inter-361 
pretation is obtained by considering the travel time through all layers: 362 

1 363 
f0 ≈ 364 

365 
n 366 

4 
i
 367 

i=1 
Vsi 368 

369 

. (12) 370 

where hi and Vsi are the thickness and shear-wave velocity of layer i. This formulation 371 
is particularly useful for interpreting the observed HVSR fundamental frequency against 372 
the borehole/MASW/DEEPSOIL model. A low fundamental frequency generally indi-373 
cates a relatively thick and/or soft sedimentary column, whereas a higher frequency is 374 
generally associated with thinner and/or stiffer material. 375 
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3.10 Estimation of Shear-Wave Velocity from SPT-N Values 376 

The supplied manuscript uses an empirical SPT-N to shear-wave velocity relationship for 377 
defining the stiffness profile: 378 
 379 

Vs = 97N 0.314. (13) 380 

where Vs is in m/s and N is the SPT blow count. This relationship is explicitly 381 
reported in the supplied manuscript and is attributed there to Ordóñez (2006). For each 382 
soil layer, the estimated Vs can be used to calculate the maximum shear modulus by 383 
Kramer (1996): 384 
 385 

Gmax = ρV 2. (14) 386 

The manuscript also cites Kathmandu Valley-specific correlations reported by Gautam 387 
(2017), including 388 
 389 
 390 

Vs = 115.8N 0.251, all soils, (15a) 

Vs = 102.4N 0.247, silt, (15b) 

Vs = 78.7N 0.352, sand. (15c) 

For the final PhD manuscript, the selected Vs–N relationship should be justified ac-391 
cording to soil type, calibration dataset, and applicability to Kathmandu Valley. If the 392 
Ordóñez relationship is retained for the main model, the Kathmandu-specific correlations 393 
can be presented as an independent sensitivity or validation comparison rather than mix-394 
ing correlations within one profile. 395 

 396 

3.11 Vs30 Calculation and Engineering Site Classification 397 

The average shear-wave velocity of the upper 30 m is calculated using the travel-time 398 
weighted expression by Kramer (1996): 399 
 400 

30 401 
Vs30 = n 402 

403 
. (16) 404 

 hi 405 

i=1 
Vsi 406 

where hi is the thickness of each layer within the upper 30 m, and Vsi is its shear-407 
wave velocity. Vs30 is important because it provides a standardized indicator of near-408 
surface stiffness and is used by several seismic site-classification frameworks. The supplied 409 
manuscript notes that the upper 30 m is a fundamental factor influencing ground motion 410 
and discusses Vs30 in connection with NEHRP/IBC site classification. 411 

 412 

3.12 Equivalent-Linear Formulation 413 

In equivalent-linear site-response analysis, the nonlinear behavior of soil is represented by 414 
strain-compatible effective shear modulus and damping. According to Kramer (1996),the 415 
modulus reduction ratio is 416 
 417 

G 418 
 419 

 420 
Gmax 421 

422 

G(γ) 423 
= 424 

Gmax 425 
426 

. (17) 427 
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where γ is the representative shear strain. The equivalent damping ratio can be 428 
denoted by 429 
 430 

ξeq = ξeq(γ). (18) 431 

The analysis is performed iteratively. A typical iteration sequence is: 432 

[label=(xii)] 433 

1. assign initial Gmax and damping; 434 

2. calculate the strain response; 435 

3. determine effective strain; 436 

4. update G/Gmax and damping using the selected soil curves; and 437 

5. repeat until the change in strain-compatible properties satisfies the convergence 438 
criterion. 439 

The supplied manuscript identifies DEEPSOIL as the software used for one-dimensional 440 
equivalent-linear frequency-domain analysis, including convolution and deconvolution. 441 

 442 

3.13 Nonlinear Time-Domain Formulation 443 

Kramer (1996), explained for nonlinear analysis, the soil response can be formulated 444 
through the equation of motion in the time domain: 445 

∂2u ∂τ 446 
ρ(z) ∂t2 = ∂z 

. (19) 447 

with a nonlinear constitutive relationship 448 
 449 

τ = τ (γ, γ˙ , history) . (20) 450 

where γ is shear strain, γ˙ is strain rate, and the response may depend on loading 451 
history. The tangent shear modulus is 452 

453 

 454 
 455 
 456 
Gtan = 457 

458 

 459 
∂τ 

. (21) 460 
∂γ 461 

The nonlinear formulation allows stiffness and damping characteristics to evolve with 462 
strain during the earthquake motion. This provides a physical explanation for why non-463 
linear amplification may be lower than equivalent-linear amplification at large strains in 464 
some parts of the valley. 465 

 466 
3.14 Fourier Analysis of the Earthquake Input Motion 467 

For an acceleration time history a(t), the Fourier transform is defined by Kramer (1996) 468 
as 469 

 470 
A(f ) = 471 

 472 
The Fourier amplitude spectrum is 473 

474 

∞ 475 
a(t)e−i2πft dt. (22) 476 

−∞ 477 

ν 
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FAS(f ) = |A(f )| . (23) 478 

The FAS identifies the frequency content of the Gorkha earthquake input motion. 479 
Comparing the dominant frequencies of the input motion with the soil fundamental fre-480 
quency provides a first-order assessment of the potential for resonance. 481 

 482 
3.15 Response-Spectrum Formulation 483 

For a single-degree-of-freedom oscillator with natural circular frequency ωn and damping 484 
ratio ξ, the relative displacement response to ground acceleration ag(t) is governed by 485 

ü + 2ξωn u̇ + ω2u = −ag(t). (24) 486 

The spectral acceleration is then obtained from the maximum absolute relative dis- 487 
placement: 488 

Sa(T, ξ) = ω2 max |u(t)| . (25) 489 
n t 490 

where 491 

2π 492 
T = 493 

ωn 494 

is the natural period. Response spectra from the input and surface motions can 495 
therefore be compared to quantify the modification of earthquake demand by the soil 496 
profile. 497 

 498 

3.16 Amplification Factor and Spectral Amplification 499 

A simple time-domain amplification ratio may be defined as 500 
 501 
 502 

AFPGA 503 
504 

= 
PGAsurface  

. (26) 505 
PGA 506 

bedrock 507 

For frequency-domain analysis, spectral amplification at frequency f can be expressed 508 
as 509 

AF (f ) = 
|Asurface(f )| 

. (27) 510 
|Abedrock(f )| 511 

Similarly, period-dependent response-spectrum amplification may be expressed as 512 

AF (T ) = 
Sa,surface(T ) 

. (28) 513 
Sa,bedrock(T ) 514 

These definitions should not be interchanged without stating whether the reported 515 
amplification is based on PGA, Fourier amplitude, or response-spectrum acceleration. 516 
This distinction is important when comparing the amplification maps in Figures 43 and 517 
44 with HVSR amplification values. 518 
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√︂ 

σ 

N 

N 

3.17 HVSR Theoretical Formulation 519 

For three-component ambient-noise measurements,Nakamura (1989) defined the horizontal-520 
to-vertical spectral ratio can be represented by 521 
 522 

HV SR(f ) = 523 
524 

H(f ) 525 
 526 

 527 
V (f ) 528 

529 

. (29) 530 

where a common formulation of the horizontal component is the geometric mean of 531 
the two horizontal components: 532 

H(f ) = 
√︂

NS(f ) EW (f ). (30) 533 

Therefore, 534 
 535 

NS(f ) EW (f ) 536 
HV SR(f ) = . (31) 537 

V (f ) 538 

The frequency at which a stable, physically meaningful HVSR peak occurs is inter-539 
preted as the fundamental site frequency f0, provided that the peak satisfies the adopted 540 
quality-control criteria. The theoretical site-response frequency from the soil column can 541 
then be compared with the measured HVSR frequency. 542 

 543 

3.18 Mathematical Comparison Between Observed and Modeled 544 

Frequency 545 

For validation, the difference between the measured microtremor frequency and the mod-546 
eled/borehole frequency can be quantified using absolute and percentage error: 547 

ei = |f0,measured − f0,modeled| . (32) 548 
 549 

PEi 550 
551 

= 
|f0,measured − f0,modeled| × 100. (33) 552 

f 553 
0,modeled 554 

For N validation stations,Willmott & Matsuura (2005) defined the mean absolute 555 
error is 556 
 557 

1 558 
MAE = 559 

N 560 
561 

N 562 

|f 563 
i=1 564 

565 

 566 
 567 
0,measured,i 568 

569 

 570 

− f0,modeled,i 571 
572 

| . (34) 573 

and the root-mean-square error is 574 

RMSE = 

႟  ⎷ 1 
575 
576 

σ
i=1 577 

578 

(f0,measured,i − f0,modeled,i)
2. (35) 579 

These statistics can be extended to Vs30 or amplification-factor validation. Lower 580 
RMSE indicates closer agreement between the modeled and measured quantities, al-581 
though model quality should also be assessed using physical plausibility and spatial con-582 
sistency rather than a single error metric. 583 
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n 

σ 

d 
(37) 

σ 

σ 

σ 

3.19 Mathematical Basis for Spatial Microzonation 584 

Shepard (1968) explained for spatial prediction of a parameter Z at an unsampled loca-585 
tion, inverse-distance weighting (IDW) can be written as 586 

 587 
 588 
 589 
 590 
 591 
 592 

 593 
where 594 

595 

n 596 
wiZ(xi) 597 

Ẑ (x0) =  i=1 . (36) 598 

wi 599 
i=1 600 

 601 
 602 
 603 

1 604 
wi = p . 605 

i 606 

Here, di is the distance between the prediction location and observation i, and p is 607 
the distance-decay power. The IDW surface is therefore controlled strongly by nearby 608 
observations. 609 

According to Cressie (1993),if Kriging is also evaluated, the ordinary-Kriging estima-610 
tor can be represented as 611 
 612 

n 613 
Ẑ(x0) = λiZ(xi), (38) 614 

i=1 615 

subject to 616 
 617 

n 618 
λi = 1. (39) 619 

i=1 620 

The Kriging weights λi are obtained from the spatial covariance or semivariogram 621 
structure. For model selection, cross-validation can compare RMSE, MAE, bias, and 622 
residual spatial patterns. The interpolation method should be selected based on both 623 
statistical performance and geological/seismological plausibility. 624 

When a fault ruptures below the earth’s surface, body waves travel away from the 625 
source in all direction. As they reach boundaries between different geologic materials, they 626 
are reflected and refracted . since the wave propagation velocities of shallower materials 627 
are generally lower than the materials beneath them, inclined rays that strikes horizontal 628 
layer boundaries are usually reflected to a more vertical direction. By the time the rays 629 
search the ground surface, multiple refraction has often bent them to a nearly vertical 630 
direction. One-dimensional ground response analyses are based on the assumption that 631 
all boundaries are horizontal and that the response of a soil deposit is predominately 632 
caused by shear wave propagating from underlying bedrock. For one-dimensional ground 633 
response analysis, the soil and bedrock surfaces are assumed to extend infinitely in the 634 
horizontal direction. Procedure based on this assumption have been shown to predict 635 
ground response that is in reasonable agreement with measured response in many cases. 636 
Deepsoil is a one-dimensional site response analysis program that can perform 1-D equiv-637 
alent linear frequency domain analyses including convolution and deconvolution. The 638 
stiffness of soil can be defined either by defining the shear modulus value or by defining 639 
the shear wave velocity value of the deposit. In present analysis, shear wave velocity 640 
has been considered for defining stiffness of soil. So, for evaluating shear-wave velocity 641 
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(Vs) profiles, the SPT-N values are used through available correlations. The relation, 642 
Vs = 97N 0.314, is applicable for all type of soils is used in the analysis, where Vs is in m/s 643 
(Ordóñez, 2006). Rigid bedrock is used in the analysis and the rigidity for elastic bedrock 644 
is obtained by considering a very high shear wave velocity ($\approx$ 5*107m/sec) (Ku-645 
mar et al., 2014). the input motions considered for present analysis is the most recent 646 
Nepal earthquake of magnitude Mw=7.8. Peak Ground Acceleration (PGA) Mw=7.8 647 
earthquake is observed as 0.162g at 49.34sec as per the earthquake time histories. 648 

1D ground response analysis is the technique use to analyse the three-dimensional 649 
nonlinear soil deposits. 1D ground response analysis mainly follows any of the three 650 
methods such as; linear, However, nonlinear method uses direct numerical integration in 651 
the time domain to analyse the actual nonlinear response of the soil deposit. Integration 652 
in small time steps allow to use the appropriate soil properties in that time step. In the 653 
paper by M.R. pandey: microzoning of Kathmandu Valley based on soil amplification, 654 
Nepal seismological laboratory, Department of Mines and Geology, 1986, the microter-655 
mor data of different sites of Kathmandu valley canbe used to access site response and 656 
amplification factor due to unconsolidated sediments. This allows microzoning on the 657 
basis of soil amplification of results of micrometer are correlated with distribution of fa-658 
cies of unconsolidated sediments in the valley, the maximum amplitude of micrometor 659 
being observed in the central area where a 200-350m lacustrine clayey sediments overlies 660 
a 200-250m thick sandy fluviatile section. Theoretical response of vibrational built up of 661 
S-waves due to multiple reflections predict relative amplification by a factor of 5 to 6 in 662 
the central part of the valley in comparison to bed rock and northern part of reasonable 663 
S-wave impedance contrast. Estimate of relative amplification from observed maximum 664 
peak power amplitude in the high amplitude area, however does not exceed the predicted 665 
relative amplification by more than a factor of 2. 666 

Dipendra Gautam (2017) Empirical correlation between uncorrected standard pene-667 
tration resistance (N) and shear wave velocity (VS) for Kathmandu Valley, Nepal Vs,30=ANB 668 
power equation model NEHRP and IBC accept VS,30 as the fundamental input pa-669 
rameters and representative indicator and Kiku et al. (2001) stated that the upper 670 
30 m of soil stratum is the fundamental factor influencing the ground motions For 671 
all soils Vs = 115.8N 0.251 (R2=0.623)For silt; Vs = 102.4N 0.247 (R2=0.355);For Sand 672 
Vs = 78.7N 0.352 (R2=0.441). 673 
 674 

Fig. 7. Gorkha Earthquake (2015) Time History Plot Fig. 8. Fourier Amplitude Spectrum for 675 
Gorkha Earthquake 676 
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 677 
 678 

Fig. 9. Response Spectrum for Gorkha Earthquake 679 

 680 

4 Results And Discussions 681 

4.1 Free-Field Site Characteristics in Central Bhaktapur 682 

As shown in figure 6 and 7, the instrument survey findings are expressed in terms of the 683 
predominant frequency and amplification factor in the stations. As observed in the above 684 
Figure 8, Figure 9, Figure 10 and Figure 11, microtremor observation points predominant 685 
frequency ranges from 0.44Hz to 5.123Hz likewise, Amplitude ranges from 1.003 to 4.39. 686 
Figure 4: Typical E-W, N-S, U-D respective directions of recorded microtremor data. 687 
Station B-1, B-2, B-5, B-13, B-17, B-18, B-20, B-22, B-23 soil was found to be soft soil 688 
whereas Station B21 is classified to very soft soil other remaining stations are found stiff 689 
soils. 690 

Station B-23, Station B-9 demonstrates that the samples of the HVSR graph with 691 
frequency that represents the thick sediment deposits over the basement rock could result 692 
in the site’s low frequency. Significantly higher frequencies with distinct HVSR curves 693 
(station B-12, Figure 9; station B-13, Figure 10) are constituted by the basin’s edges and 694 
some parts of the center region in the study area, which might be an indication of shallow 695 
sediment deposits over the underlying bedrock. 696 
 697 
 698 
 699 

Figure 10.HVSR Plot of Station B4 Figure 11. HVSR Plot of Station B21 700 
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701 
Figure 12. HVSR Plot of Station B12 Figure 13. HVSR Plot of Station B13 702 

 703 

Figure 14. Predominant frequency zoning of core area of Bhaktapur district 704 

 705 

 706 
Figure 15. Amplification factor zoning of core area of Bhaktapur district 707 
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Table 1. Predominant frequency, Amplification factor, Time period and HVSR based 708 
site class of Bhaktapur Stations 709 
 710 

Station Latitude Longitude Amplitude Frequency 
(Hz) 

Time pe-
riod (Sec) 

HVSR- 
based site 
class 

B-1 27.681027 85.417986 2.201 0.720 1.389 Soft soil 
B-2 27.681027 85.423065 2.221 1.207 0.829 Soft soil 
B-3 27.681027 85.428143 1.530 0.850 1.176 Stiff soil 
B-4 27.681027 85.433221 1.736 1.178 0.849 Stiff soil 
B-5 27.681027 85.438300 2.680 0.748 1.337 Soft soil 
B-6 27.67653 85.417987 1.528 1.722 0.581 Stiff soil 
B-7 27.67653 85.423065 1.182 0.826 1.211 Stiff soil 
B-8 27.67653 85.428143 1.922 0.899 1.112 Stiff soil 
B-9 27.67653 85.433221 1.905 0.615 1.626 Stiff soil 
B-10 27.67653 85.438299 1.853 0.705 1.418 Stiff soil 
B-11 27.672032 85.417987 2.043 0.877 1.140 Stiff soil 
B-12 27.672033 85.423065 1.69 3.90 1.009 Stiff soil 
B-13 27.6720328 85.4281432 2.087 5.123 0.195 Soft soil 
B-14 27.672033 85.433221 1.489 0.678 1.475 Stiff soil 
B-15 27.672032 85.438299 1.139 1.178 0.849 Stiff soil 
B-16 27.667536 85.417987 1.877 1.371 0.729 Stiff soil 
B-17 27.667536 85.423065 2.006 1.350 0.741 Soft Soil 
B-18 27.667536 85.428143 2.420 0.730 1.370 Soft Soil 
B-19 27.667536 85.433221 1.003 1.795 0.557 Stiff soil 
B-20 27.667536 85.438299 2.000 0.670 1.493 Soft Soil 
B-21 27.663038 85.417988 4.394 3.592 0.278 Very soft 
B-22 27.663038 85.423065 2.351 1.561 0.641 Soft Soil 
B-23 27.663038 85.428143 2.165 0.442 2.262 Soft Soil 
B-24 27.663038 85.433221 1.620 1.043 0.959 Stiff soil 
B-25 27.663038 85.438298 1.688 1.946 0.514 Stiff soil 

(Soil Classification Based on Amplification (SESAME,2004)) 711 
 712 

Figure 16. Time period zoning of core area of Bhaktapur district 713 
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 714 

 715 
Figure 17. HVSR based site class zoning of core area of Bhaktapur district 716 

Table 1 shows the location with predominant frequency, amplification factor, time-717 
period, and HVSR based site class of Bhaktapur stations. Fig. 11,12,13 and 14 are zona-718 
tion maps on a scale of 1:5,000 scale in terms of frequency, amplification, time-period, and 719 
HVSR based site class classifications of the Bhaktapur district. Our HVSR analysis zoning 720 
obtained for Bhaktapur for B-21 and B-13 show short periods (stiffer layers) but very high 721 
amplification classic local site amplification risk. B-1, B-5, B-18, and B-23 combine long 722 

periods with amp ≥ 2suggestspotentialforinstability/resonanceinverysoftdeposits, andB− 723 
19isastablesite. 724 
 725 
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Figure 18. Bore hole BH1-Suryabinayak, core 855 
area of Bhaktapur district 856 

857 

Figure 19. Bore hole BH2-Bhainsepati, core 858 
area of Lalitpur district 859 

One borehole log data point was considered, as illustrated in Figure 15 BH-1 in 860 
Suryabinayak near B-21, to validate the results. This verification shows that rocky sites 861 
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or very thin sediment deposits are associated with high fundamental frequency, while 862 
thick sediment deposits (D’Amico et al. 2004; Birgoren et al. 2009; Paudyal et al. 863 
2012). The lithological features of the borehole were categorized based on the Unified 864 
Soil Classification System (USCS) adopted by ASTM (1996), as shown in Figure 15. BH1 865 
lies in the southern part (near station B21) and comprises of shallow sediment deposits 866 
over the bedrock. 867 

 868 
4.2 Free-Field Site Characteristics in Central Lalitpur 869 

The Predominant frequency of the microtremor observation points ranged from 0.553HZ 870 
to 5.448Hz and the amplitude ranged from 1.027 to 3.642. Station L-3, L-7(Figure 17), 871 
L-13, L-14, L-21 soil was found to be soft soil whereas other remaining stations are found 872 
stiff soils. Stations L13 and station L17, (Figure 19) demonstrate that the samples of 873 
the HVSR graph with frequency, which represent the thick sediment deposits over the 874 
basement rock, could result in the site’s low frequency. Significantly higher frequencies 875 
with distinct HVSR curves (station L24, Figure 20) are constituted by the basin’s edges 876 
and some parts of the central region in the study area, which might be an indication of 877 
shallow sediment deposits over the underlying bedrock. One borehole log data point was 878 
considered, as illustrated in Figure 20, to validate the results. This verification shows that 879 
rocky sites or very thin sediment deposits are associated with high fundamental frequency, 880 
while thick sediment deposits (D’Amicoet al. 2004; Birgoren et al. 2009; Paudyal et al. 881 
2012). The lithological features of the borehole were classified based on the Unified Soil 882 
Classification System (USCS) adopted by ASTM (1996), as shown in Figure 16. BH2 lies 883 
in the southern part (near station L-24) and comprises of shallow sediment deposits over 884 
the bedrock. 885 
 886 

 887 

Figure 20. HVSR Plot of Station L7 Figure 21. HVSR Plot of Station L19 888 
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  889 
Figure 22. HVSR Plot of Station L17 Figure 23. HVSR Plot of Station L24 890 

 891 
Figure 21, Figure 22, Figure 23 and Figure 24 are zonation maps on scale of 1:5000 in terms 892 
of frequency, amplification, time period and HVSR based site class classifications of Lalitpur 893 
district. From our HVSR analysis zoning obtained for Lalitpur is for Stable zones (L-23, L-894 
24) represent firm ground, less seismic amplification expected. Local amplification zones (L-3, 895 
L-7, L-13, L-14, L-21, L-19 (Figure 18)) are significant hazard due to high amplification (>2) 896 
and Instability zones (L-1, L-2, L-4, L-5, L-9, L-15, L-20, L-22, L-25) are prone to resonance 897 
and might be instability due to long predominant periods in very soft soil. Table 2 shows the 898 
location with predominant frequency, amplification factor, time period, and HVSR based site 899 
class of Lalitpur stations. 900 
 901 

 902 
Figure 24. Predominant frequency zoning of core area of Lalitpur district 903 
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 904 
 905 

Figure 25. Amplification factor zoning of core area of Lalitpur district 906 

 907 

 908 
Figure 26. Time period zoning of core area of Lalitpur district 909 
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 910 

Figure 27. HVSR based site class Zoning of core area of Lalitpur district 911 
 912 

 913 
Table 2 Predominant frequency, Amplification factor, Time period and HVSR based site 914 

class of Lalitpur Stations. 915 
 916 

 917 
Station Latitude Longitude Amplitude Frequency 918 

919 
Time pe- 920 

921 
HVSR-based site 922 

 (Hz) riod (Sec) class 

L-1 27.6823940 85.3148620 1.2990 0.757 1.321 Stiff soil 
L-2 27.6823940 85.3199410 1.2100 0.825 1.212 Stiff soil 
L-3 27.6823940 85.3250194 2.3400 0.637 1.570 Soft Soil 
L-4 27.6823940 85.3300980 1.8350 0.815 1.227 Stiff soil 
L-5 27.6823940 85.3351760 1.6170 0.654 1.529 Stiff soil 
L-6 27.6778970 85.3148630 1.0270 0.927 1.079 Stiff soil 
L-7 27.6778970 85.3199410 2.3830 0.730 1.370 Soft Soil 
L-8 27.6778970 85.3250194 1.0170 0.979 1.021 Stiff soil 
L-9 27.6778970 85.3300980 1.3940 0.721 1.387 Stiff soil 
L-10 27.6778970 85.3351760 1.4200 1.700 0.588 Stiff soil 
L-11 27.6734000 85.3148630 1.3200 1.298 0.770 Stiff soil 
L-12 27.6734000 85.3199410 1.3120 1.252 0.799 Stiff soil 
L-13 27.6734000 85.3250194 2.2620 0.553 1.808 Soft Soil 
L-14 27.6734000 85.3300970 3.1800 0.695 1.439 Soft Soil 
L-15 27.6734000 85.3351760 1.4720 0.638 1.567 Stiff soil 
L-16 27.6689030 85.3148630 1.2540 0.844 1.185 Stiff soil 
L-17 27.6689030 85.3199410 1.7450 0.600 1.667 Stiff soil 
L-18 27.6689030 85.3250190 1.2330 0.652 1.534 Stiff soil 
L-19 27.6689030 85.3300970 1.5800 0.757 1.321 Stiff soil 
L-20 27.6689030 85.3351750 1.2700 0.866 1.155 Stiff soil 
L-21 27.6644060 85.3148640 3.6420 0.954 1.048 Soft Soil 
L-22 27.6644060 85.3199420 1.1800 0.785 1.274 Stiff soil 
L-23 27.6644060 85.3250194 1.4400 0.645 1.550 Stiff soil 
L-24 27.6644060 85.3300970 1.7270 5.448 0.184 Stiff soil 
L-25 27.6644060 85.3351750 1.2230 0.837 1.195 Stiff soil 

 923 
(Soil Classification Based on Amplification (SESAME, 2004)) 924 
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4.3 Free-Field Site Characteristics in Central Kathmandu 925 

The predominant frequency of the microtremor observation point ranged from 0.436HZ to 926 
3.976Hz, and the amplitude ranges from 1.05-3.28. Stations K-14, (Figure 27), K-14, K-15 927 
and K-17 show soft soil, whereas other station soils are found to be Stiff soil. Station K-19, 928 
(Figure 26) and station K-22 (Figure 29) show samples of the HVSR graph with frequency, 929 
which represents the thick sediment deposits over the basement rock, which could result in the 930 
site’s low frequency. Significantly higher frequencies with distinct HVSR curves (station K-14, 931 
Figure 27) are constituted by the basin’s edges and some parts of the central region in the study 932 
area which might be an indication of shallow sediment deposits over the underlying bedrock. 933 
One borehole log data Point was considered, as illustrated in Figure 25, to validate the results. 934 
This verification shows that rocky sites or very thin sediment deposits are associated with high 935 
fundamental frequency, while thick sediment deposits (D’amico et al., 2004; Birgören et al., 936 
2009; Paudyal et al. 2012). The lithological features of the borehole were classified based on 937 
the Unified Soil Classification System (USCS) adopted by ASTM (1996), as shown in Figure 33. 938 
BH-3 (Figure 34) and BH-4 (Figure 35) lie in the southern part (near station K-14) and comprise 939 
of shallow sediment deposits over the bedrock. Table 2 shows the location with predominant 940 
frequency, amplification factor, time-period, and HVSR based site class of Kathmandu stations. 941 
 942 

 943 

Figure 28. HVSR Plot of Station K-18 Figure 29. HVSR Plot of Station K-19 944 
 945 
 946 

 947 

Figure 30. HVSR Plot of Station K-14 Figure 31. HVSR Plot of Station K-3 948 
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 949 

 950 
Figure 32. HVSR Plot of Station K-22 951 

Table 3. Predominant frequency And Amplification factor of Kathmandu Stations 952 
 953 

Station Latitude Longitude Amplitude Frequency 
(HZ) 

Time period 
(Sec) 

HVSR- 
based site 
class 

K-1 27.710361 85.305859 0.945 1.578 0.634 Stiff soil 
K-2 27.710361 85.310939 0.786 1.939 0.516 Stiff soil 
K-3 27.710361 85.316019 0.899 3.286 0.304 Stiff soil 
K-4 27.710361 85.321099 0.888 1.506 0.664 Stiff soil 
K-5 27.710361 85.326179 0.688 1.496 0.668 Stiff soil 
K-6 27.705864 85.30586 0.945 1.463 0.684 Stiff soil 
K-7 27.705864 85.310939 0.925 1.104 0.906 Stiff soil 
K-8 27.705864 85.316019 0.767 1.052 0.951 Stiff soil 
K-9 27.705864 85.321099 0.562 1.211 0.826 Stiff soil 
K-10 27.705864 85.326178 3.636 1.948 0.513 Soft Soil 
K-11 27.701366 85.305861 0.767 1.589 0.629 Stiff soil 
K-12 27.701367 85.31094 0.730 1.435 0.697 Stiff soil 
K-13 27.7013667 85.316019 1.042 1.879 0.532 Stiff soil 
K-14 27.701367 85.321099 3.976 1.929 0.518 Soft Soil 
K-15 27.701366 85.326178 3.101 1.234 0.810 Soft Soil 
K-16 27.696869 85.305862 0.695 1.240 0.806 Stiff soil 
K-17 27.696869 85.310941 3.026 1.784 0.561 Stiff Soil 
K-18 27.696869 85.31602 0.536 2.776 0.360 Stiff soil 
K-19 27.696869 85.321099 0.436 2.280 0.439 Stiff soil 
K-20 27.696869 85.326178 0.511 1.891 0.529 Stiff soil 
K-21 27.692372 85.305861 0.796 1.238 0.808 Stiff soil 
K-22 27.692372 85.31094 0.498 1.525 0.656 Stiff soil 
K-23 27.692372 85.316019 0.592 1.638 0.611 Stiff soil 
K-24 27.692372 85.321098 1.152 1.112 0.899 Stiff soil 
K-25 27.692372 85.326177 0.888 1.420 0.704 Stiff soil 

 954 
(Soil Classification Based on Amplification (SESAME,2004)) 955 
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 956 
 957 

Figure 33. Predominant frequency zoning of core area of Kathmandu district 958 

 959 

 960 
Figure 34. Amplification factor zoning of core area of Kathmandu district 961 
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 962 
 963 

Figure 35. Time period zoning of core area of Kathmandu district 964 

 965 

 966 
Figure 36. HVSR based site zoning of core area of Kathmandu district 967 

Figure 30, Figure 31, Figure 32 and Figure 33 are zonation maps on a scale of 1:5,000 in terms 968 
of frequency, amplification, time-period and HVSR based site classifications of the Kathmandu 969 
district. We obtained zoning as stable zones from our HVSR analysis: K-3, K-18, K-19 represent 970 
relatively firm ground. Amplification-prone zones: K-10, K-14, K-15, and K-17 are highly 971 
susceptible to ground motion amplification and instability-prone zones: K-7, K-8, and K-9 have 972 
longer predominant periods and very soft soils indicate high seismic risk. 973 
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Fig. 37. Bore Hole BH 3-Singha durbar core 1102 
area of Kathmandu district 1103 

1104 

Fig. 38. Bore Hole BH 4-Babarmahal core 1105 
area of Kathmandu district 1106 

 1107 
Summarizing, Fp values ranged from 0.7 Hz in the deep lacustrine deposits of the northern 1108 

valley to 6.5 Hz in the southern margins where shallow bedrock is present. The core areas 1109 
of Kathmandu, Bhaktapur, and Lalitpur recorded Fp ranges of 0.44–3.98 Hz, 0.44–5.12 Hz, 1110 
and 0.55–5.45 Hz, respectively. Higher frequencies were found along the basin edges, whereas 1111 
lower values dominated in central Kathmandu. The Amplification factors (Ap) varied between 1112 
1.0 and 6.2. Notably, stations L-24 (Lalitpur) and B-21 (Bhaktapur) showed an Ap > 4.0, 1113 
highlighting local zones of high seismic amplification. The mean Ap values for the core areas 1114 
were Kathmandu, 1.05–3.28, Bhaktapur have 1.00–4.39, Lalitpur have 1.03–3.64. Based on 1115 
Ap:1.3% of sites were classified as very soft soil (>=4), 24% as soft soil (2–4 Ap), 74.67% as stiff 1116 
soil (<2). This classification indicates that the majority of Kathmandu Valley is dominated by 1117 
stiff, soft, to very soft sediments, making it prone to amplification. 1118 

The microzonation map of the core area of Kathmandu Valley demonstrates that most of 1119 
the northern part of the study region, which lies at a low elevation, has low-frequency content, 1120 
which is due to the thick sediment deposits covering the bedrock. The southern and basin edges 1121 
at higher elevations showed higher frequencies, which might be attributed to shallow sediment 1122 
deposits over the bedrock. This implies that variations in elevation and uneven distribution of 1123 
soil deposits alter the frequency of the ground; thus, topographical features, geological variations 1124 
and non-uniform distribution of deposits have a considerable impact on the frequency of the 1125 
site. However, topographic abnormalities, together with the focusing and diffraction phenomena 1126 
of seismic waves and the nature of slopes may change the fundamental frequency of the site 1127 
(Sanchez-Sesma 1987; Ashford et al. 1997; Falcone et al. 2023). 1128 

According to Paudyal et al. (2012), the fundamental frequency of soil deposits in the Kath-1129 
mandu Basin ranges from 0.49-8.89 Hz. However, we found a slight increase in the frequency 1130 
of deposits, which may have been caused by the shallow depth of rocks, extension of the study 1131 
area to basin edges, and close spacing of station points. Paudyal et al. (2012) state that the 1132 
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fundamental frequency of soil deposits in the Kathmandu basin ranges from 0.49 to 8.89 Hz 1133 
likewise in our research we found free field frequency in the range of 0.436Hz to 5.558Hz which 1134 
validates our research too. The shallow depth of rocks, extension of the study area to basin 1135 
edges, and close spacing of station points, however, may be the causes of the minor increment 1136 
in the frequency of deposits that we observed. 1137 

 1138 
4.4 Seismic Risk Implications 1139 

Zones with both low frequency and high amplification (e.g., central Kathmandu, Bhaktapur 1140 
core) represent the most critical hazard. Resonance effects are particularly concerning because 1141 
many mid- to high-rise buildings in these zones have natural periods within the same range as 1142 
soil frequencies. The results confirmed that structural vulnerability is amplified by local site 1143 
effects. 1144 

 1145 
4.5 Analytical Evaluation results 1146 

The Soil amplification Factor used many data from the reports already published and the Soft-1147 
ware Deepsoil. The error incorporated in these parameters are also reflected in the results so far 1148 
obtained in this research work. Hence the obtained results may not represent the actual values 1149 
for the region under consideration. 1150 

With the result obtained for soil amplification factor analysis of soil deposit of Kathmandu 1151 
Valley, following conclusion are made. 1152 
1. In the most of the soil deposits, the amplification Factor ranges between 2 to 3 times. 1153 
2. From the result it is seen that, generally the amplification factor is higher towards southern 1154 
deposit than the northern deposit. 1155 
3. The amplification factor is high in the soil deposits where the depth of clay is high in compare 1156 
to other sand and gravel deposit. 1157 
4. The amplification of damped soil layer varies with the frequency content of the time history. 1158 
5. The amplification of soil deposits, increase with the increase of shear wave velocity of bedrock. 1159 
 1160 
 1161 
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 1164 
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 1168 
 1169 
 1170 
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 1175 
 1176 

 1177 
Fig.39 Bore hole location map of Kathmandu Valley 1178 

The figure shows a layered soil profile used in the one-dimensional site-response framework. 1-D 1179 
analysis assumes approximately horizontal, laterally extensive layers and that the response is 1180 
predominantly controlled by vertically propagating shear waves from the underlying bedrock. 1181 
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Soil stiffness in the present analysis is represented using shear-wave velocity. The manuscript 1182 
states that SPT-N values were converted to Vs using 1183 

Vs = 97N 0.314 1184 

(Ordóñez, 2006), and that a rigid bedrock condition with a very high shear-wave velocity was 1185 
adopted. The DEEPSOIL framework is described as a 1-D equivalent-linear frequency-domain 1186 
analysis capable of convolution and deconvolution. 1187 
 1188 

 1189 
Fig.40 Soil Profile 1190 

 1191 

 1192 
Fig.41 Response spectrum (Gangabu Eq Linear) 1193 

This response-spectrum figure represents the equivalent-linear analytical result for the Gangabu 1194 
profile/input case shown in the manuscript. Equivalent-linear analysis represents the nonlin-1195 
ear behavior of soil approximately by using strain-compatible soil properties in an iterative 1196 
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frequency-domain calculation. The plotted curve indicates how spectral acceleration changes 1197 
with structural period after propagation through the modeled soil column. Peaks identify peri-1198 
ods at which the modeled deposit can substantially modify the input motion. These peaks should 1199 
be compared with the fundamental periods obtained from the microtremor/HVSR analysis and 1200 
with the periods of structures of engineering interest. 1201 
 1202 

 1203 
Fig.42 Response spectrum(Kathmandu District Non Linear) 1204 

This figure presents the nonlinear site-response result for the Kathmandu District case. Unlike an 1205 
equivalent-linear approach, nonlinear time-domain analysis can update the stress–strain response 1206 
directly as the motion progresses. The resulting spectrum therefore reflects the amplitude-1207 
dependent behavior of the soil more explicitly. The figure should be interpreted together with 1208 
the soil profile and input motion: differences between equivalent-linear and nonlinear results can 1209 
arise from modulus reduction, damping changes, and strain-dependent soil behavior. 1210 

 1211 

 1212 
Fig43. Amplification Factor for Different Places of Kathmandu Valley (Equivalent Linear 1213 

Analysis) 1214 

The map shows spatially varying amplification factors obtained from equivalent-linear site-1215 
response analysis. The legend indicates amplification classes from approximately 1.1 up to about 1216 
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3.7 in the displayed results. Higher amplification values are concentrated in the central valley 1217 
area, while lower values occur at more peripheral locations. This spatial pattern is consistent 1218 
with the manuscript’s interpretation that amplification is generally higher in southern/central 1219 
deposits than in northern deposits and that thicker clay-rich deposits can produce greater am-1220 
plification. The manuscript concludes that, for most soil deposits, amplification factors are 1221 
commonly in the range of about 2–3 times.The nonlinear-analysis map shows the spatial distri-1222 
bution of amplification factors obtained from the nonlinear calculation. The displayed legend 1223 
spans approximately 1.0 to 2.0, with the highest values concentrated mainly around the central 1224 
cluster of investigated sites. Compared with the equivalent-linear map, the nonlinear results 1225 
show a generally reduced amplification range. This is physically plausible because nonlinear soil 1226 
behavior at higher strains can reduce stiffness and redistribute energy, limiting amplification at 1227 
some frequencies. The comparison of Figures 43 and 44 is therefore valuable for assessing the 1228 
sensitivity of predicted amplification to the selected constitutive/analysis approach. 1229 

 1230 

 1231 
Fig 44. Amplification Factor for Different Places of Kathmandu Valley (Non-Linear Analysis) 1232 

 1233 

4.6 Validations 1234 

Results obtained from microtremor measurement and available bore hole data at nearby station 1235 
is compared 1236 

Table 4: Comparison of Microtremor results with Borehole Analysis 1237 
 1238 

Stations Measured 
frequency 
(mi-
crotremor)Hz 

Borehole 
analysis 
frequency 
(Hz) 

Validation 

B21 3.592 4.667 ok 
L24 5.448 4.294 ok 
K10 3.636 3.912 ok 
K14 3.976 3.995 ok 
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5 Conclusion 1239 

This study provides Priliminary seismic microzonation of the Kathmandu Valley using 75 single-1240 
station microtremor (HVSR) measurements. The predominant frequency (Fp) throughout the 1241 
valley was between 0.7–5.45 Hz and the amplification factor (Ap) varied from 1.0–6.2. According 1242 
to the amplification classification, 1.3 % of the sites were classified as very soft soils, 24 % as soft 1243 
soils and 74.67 % as stiff soils. Lalitpur and Bhaktapur exhibited critical high-amplification sites 1244 
(L-24 and B-21), which both coincided with densely populated areas with vulnerable building 1245 
stock. The low frequency and high amplification combination in central Kathmandu further 1246 
stresses the possibility of soil-structure resonance, which provides important data for earthquake 1247 
hazard assessment, urban zoning, and seismic risk mitigation strategies. Although the HVSR 1248 
in itself is not sufficient to completely quantify soil dynamics, it is a valuable first step in a 1249 
valley-wide microzonation. Future studies should combine these results with shear wave velocity 1250 
profiles, MASW surveys, and numerical basin response models. The obtained zones are stable 1251 
zones, i.e. low maximum amplitude values (<1.5) show consistent ground response; similarly, 1252 
the amplification prone zones in Bhaktapur have the highest amplification factor (4.39 at B-1253 
21) show strong resonance effects and the zones prone to instability in Lalitpur (L24) have 1254 
the highest frequency (5.448Hz) show the possible risk of liquefaction or slope instability which 1255 
needs to be confirmed with Vs profiling geotechnical data. The B-13 frequency (5.123 Hz) is the 1256 
highest and is a characteristic of local heterogeneity. The study clearly shows the heterogeneity 1257 
of Kathmandu Valley soils, which is often oversimplified in macro-scale hazard maps. The HVSR 1258 
method yields reliable estimates of Fp and Ap, but for engineering applications, it should be 1259 
supplemented by borehole Vs30 and MASW data. The selected spacing of 500 m $\times$ 1260 
500 m considerably enhanced the resolution of microzonation, allowing hazard assessment at 1261 
the neighbourhood level. The results are in line with previous work but also give additional 1262 
detailed information which might be useful for urban planning. The most pressing concern is 1263 
soil-structure resonance, especially for mid-rise concrete buildings in central Kathmandu. This 1264 
Study highlighted the need for site-specific building codes in Nepal. Data Limitations include 1265 
ambient noise and lack of 2D/3D basin modelling. Nevertheless, this study provides a strong 1266 
foundation for further hazard mapping and structural risk assessment. 1267 

Additionally, the spatial distribution of the Kathmandu Valley Soil Free-field frequency in 1268 
the core aera of Kathmandu Valley was found to vary at in every station; therefore, this might 1269 
be a useful tool for architects, engineers, and urban planners when they are first planning 1270 
and designing projects. Therefore, the findings of this study offer valuable information on the 1271 
geographical distribution of seismic risks, which is essential for risk assessment, efficient urban 1272 
planning, and disaster mitigation techniques. 1273 
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