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Current seismic codes provide proxies to estimate seismic amplification effects expected in correspondence of
some morphological features. To make possible any empirical validation of these proxies, these features must be
univocally identified on the basis of an automatic procedure. To this purpose, based on geomorphological
considerations, a GIS-based numerical approach has been developed. The results of a morphometric analysis
allowed the correct identification and mapping of the landforms of concern, at a detail corresponding to the
resolution of the available digital elevation model (DEM). Some case-studies are provided to show the feasibility

1. Introduction

Geomorphological settings and the corresponding specific landforms
may affect seismic ground motion due to focusing/defocusing of seismic
waves, diffraction of body and surface waves and seismic resonance of
topographic features (e.g. Refs. [1-3]). Sharp and/or rounded ridges,
steep slopes and escarpments, isolated peaks and hilltops are among the
most common landforms that may be responsible for amplification ef-
fects. These features are considered in two seismic codes adopted in
Italy: Working Group on Seismic Microzoning - Gruppo di lavoro MS,
2008 (henceforth SMGO08 [4]) and NTC, 2018 (henceforth NTC18 [5]).
These two codes have been developed in different contexts. The first one
is devoted to the anti-seismic design of single structures in line with
more advance international seismic codes. The second has been devel-
oped in the frame of seismic microzoation (SM) studies and mainly aims
at the characterization of seismic effects at the scale of a municipality for
urban planning purposes. The two codes were developed independently
and provide different outcomes as a function of the respective targets.
The landforms considered in the two codes are very common in geo-
dynamically active regions such as Italy, where recent and ongoing
tectonic vertical uplift drives continuous valley downcutting and land-
scape rejuvenation, leading to high relief energy, slope retreats along
watersheds and formation of almost continuous ridges in most drainage
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basins. Moreover, the Italian historical urban landscape in hilly and
mountain ranges consists typically of small-to medium-sized towns and
villages on hilltops or along ridges [6]. Geomorphometry is therefore the
main tool (e.g. Refs. [7-13]) for quantitative analysis and interpretation
of multiscale landforms from large scale (i.e. the dimensions of a single
building) to small scale (i.e. covering large areas or regions). There is
extensive literature (see Ref. [14] for a review) on observed amplifica-
tion/deamplification phenomena affecting seismic ground motion due
to geomorphological heterogeneities. However, experimental evalua-
tion of them is hampered by the coexistence of effects induced by the
local seismo-stratigraphic settings and by the difficulty of selecting
reference sites where these effects can be assumed absent. To tackle this
problem, 2D-3D numerical modelling is used [14-17]. Managing these
complex numerical tools requires specific skills that generally cannot be
expected of engineers and geologists (i.e., practitioners) charged with
professional evaluation of local seismic response. Since these methods
are computationally expensive, they cannot be applied massively to
wide areas, as in SM studies.

To overcome these difficulties, proxies have been proposed to pro-
vide a preliminary evaluation of expected topographical effects. These
proxies are deduced by extensive parametric analysis of simplified 2D
topographic features [18] that approximate and generalize the landform
observed in the field. These proxies are also used for regional studies to
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Fig. 1. Standard morphologies prone to ground motion amplification phenomena by the Italian seismic codes NTC18 and SMGO8. Note that in NTC18, H and h have
the same meaning, and that the depressions of slopes «; and a5 are simply considered to be the average dips of slopes defined as "i". NTC18 codes indicate “crest” as

synonymous with ridge or ridgeline.

identify areas potentially prone to topographical effects where more
detailed studies are mandatory for a correct evaluation of local seismic
response. Some of these proxies have been implemented in the most
recent seismic codes (e.g. Refs. [4,5]).

A problem arises in their application since these simplified models
should be matched with a wide variety of observed geomorphological
features. This requires expert-based analysis which makes the applica-
tion of these proxies potentially controversial. This difficulty is also
enhanced by the fact that to generalize outcomes of numerical analysis,
the geometric elements considered are provided in terms of scale-free
parameters (direction of slopes and slope angles), which are not suffi-
cient for univocal identification of the morphologies. These drawbacks
hamper extensive application of the proxies in the current practice.

The aim of the work is to overcome these difficulties by identifying
an automatic analysis workflow that allows the identification of sites
possibly subject to seismic topographical amplification effects, which
unlike those currently proposed in the bibliography allows to eliminate
ambiguity on the choices of the analysis and excessive generalizations of
geometric data and morphological maps. The proposed methods are
based on numerical procedures based on spatial analysis and finally
provide detailed maps and data where such effects are possible (and in
some cases documented, as demonstrated for the test area), producing a
detailed mapping of the dangerous zone areas in the light of current
codes on seismic risk. We will not enter the discussion about the validity
of the amplification factors provided in these codes: Anyway, the correct
unequivocal identification of these morphologies is a basic prerequisite
for the widespread application of any validation procedure of the
amplification factors provided by the codes.

In the following, we first summarize code/guideline prescriptions by
focusing on major ambiguities, then we state a set of restrictive criteria
for the definition of formalized procedures to detect landforms poten-
tially affected by topographic amplification effects. The spatial analysis
is performed by GIS platform based on ArcPy™ [19] and Python [20]
programming languages, implementing the above criteria. Finally, some
case studies illustrate the feasibility of the numerical approach here
proposed.

2. Morphological proxies based on Italian national codes

Two proxies to assess topographical amplification affects were
implemented in the SMGO8 [4] and NTC18 [5] codes for engineering
design and SM studies, respectively [6], providing different parame-
terizations of expected effects as outcome. SMGO8 considers the adi-
mensional amplification factors (Fa) computed for a set of natural
resonance periods of structures defined as: (1)

1 LSTAG

TAour J0.5TAous SAouz(T)dT (1)
1.5TAu, s
TAlmp O.STA,,,,: SA;,(T)dT

where SAq(T) and SAyy(T) are the acceleration response spectra of
ground motion at the top and at bottom of the relief, respectively; TAqyt
and TAj,, are the period of their maximum spectral ordinates in the
period range 0.1-0.5 s. As concerns NTC18, amplification is provided by
another dimensionless parameter (St), which is a multiplier factor for
the whole response spectrum. In both cases, the relevant amplification
parameters are assessed for standardized landforms characterized by 2D
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Table 1
Summary and descriptions of the morphometric parameters of Fig. 1.

Parameter  Description Dimension Assumed constraints
for spatial analysis
H Maximum elevation of the meter
slopes
h Minimum elevation of the meter 30m < h <160 m,
slopes
I Width of the crest or of the meter Ridge: I > 300 m
scarp edge Scarp: I < 300 m
w Width of the slope W < 600 m both for
scarp(I > 300 m) and
ridge (I < 300)
L In the case of crests: overall meter 80m < L < 1000 m,
width of the relief.
oandoy Dip angle at the bottom of degree or
the slopes: the value of o radiant
and o must respect the
position of the maximum
and minimum difference o
elevation (a; € H and az€ h).
B1 and B2 Dip angle at the top of the degree or
hill for crest radiant

topographic profiles ideally traced along the maximum slope of a relief
Fig. 1.

These morphometric proxies (Fig. 1 and Table 1) consider ridges (or
crests/cliffs), scarps (or escarpments) and slopes to be responsible for
seismic amplification effects. Both sets of proxies identify almost sym-
metrical slopes as the main requirement for ridges, whereas asymmet-
rical slopes are typical of scarps. Summarizing, SMGO8 assumes that:

e only features with H > 10 m and oy _>10° are considered as
relevant;

e ridges are defined when h > H/3

e scarps are defined when h < H/3,p; _2<a/5 and I = 15-20 m or [=H.
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NTC18 proposes a simplified classification identifying ridges where:

e I«<Land H > 30 m
e o =0 =0 > 15°

Univocal application of these criteria is hampered by the lack of
some key information. In fact, no definition is provided regarding the
reference level for determining H and h values (i.e. absolute elevation or
difference in elevation? the local base-level?). The implicit assumption is
that a relief rises from a wide plain (with slope <10° or 15° for SMG08
and NTC18, respectively) whose extension is presumably much larger
than L. However, this setting is usually unrealistic in Italy, where the
geomorphological setting and related landscape are rugged due to the
high relief-energy associated with tectonically active mountain chains
and ranges of hills. To side-step this problem and make it possible to
apply the criteria of SMGO8 and NTC18, further assumptions are
therefore necessary. Considering ridges and scarps, we assume that these
landforms start from the summit of the relief bordered by two valleys
whose bottoms (lowest elevation) coincide with a new ascending slope.
The local valley bottom close to the ridge is taken to be the reference
level for the elevation h (or H) of the relief (Fig. 1 and Table 1). Nor do
SMGO08 and NTC18 provide information about the dimensions L, I and
W. Some studies have focused on these parameters (e.g. Refs[ [2,15]).
suggesting that amplification effects are expected when the overall
dimension L is of the order of the seismic wavelength A of potential in-
terest. To be applied, this suggestion implies the choice of a reference
vibration period for ground motion, the seismic phase of interest and the
corresponding phase velocity. Since most buildings have resonance pe-
riods of about 1 s, we assume that this value identifies the ground vi-
brations of major interest for engineering purposes. Along the same
lines, we assume that shear waves play a major role in the horizontal
ground motion responsible for damage. We also assume that topo-
graphical effects play a major role (with respect to seismostratigraphic
effects) where stiff soils outcrop. With these assumptions and taking stiff
soils to have shear wave velocities above 800 m/s (site A for NTC18), we
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Fig. 2. Workflow of the numerical procedure for the automatic identification of areas prone to topographic seismic amplification effects by the current seismic codes.
Additional details and excerpts of the Python code are provided in Supplementary Materials.
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Fig. 3. Examples of morphometric analysis. Panel A: perspective view of a general sample area. Panel B: DEM processing results to define the flow network using the
ESRI ™ Spatial Analyst and Hydrology Toolset. Panel C: “Inverted DEM” processing results to define ridgelines ([43]). Panel D: results of processing to define profiles
orthogonal to ridgelines. Insets of panels B and C indicate colour codes for elevation above sea level.

obtain a maximum dimension of L (Lyax) of the order of 1000 m and in
the case of a perfectly symmetric hill L < I+2*W. Since I « L (we assume
I < Lmax/3), I < 300 m and Wp,x~300 m. Parametric numerical study of
these landforms [21] suggests that hy,x~A/5, s0 hpax ranges from 160 to
200 m. Considering the maximum value of I, W and p in order to define
the bounding value of Wp,ax, we obtain hpax=160 m and, since Wy =
hmax/tan(B), Wnax~600 m. So assuming L=\, this analysis is restricted to
stiff outcropping soils,and disregarding vibration periods below 0.1, the
smallest geomorphologic feature to consider (Ly,) measures 80 m. In
summary, for automatic data processing, the assumed constraints for the
spatial analysis, are listed in Table 1. It is also assumed that the lowest
altitude points along the profiles, coinciding with the local valley bot-
tom, are not affected by amplification phenomena.

3. Morphometric analysis of topographic conditions
3.1. Previous approaches

NTC18 has been applied to small-scale land classification [22-25]
using the high-resolution Digital Elevation Model (DEM) and spatial and
morphometric analysis available on GIS platforms. Identification of
ridges was based on 30mx30 m DEM, focusing on morphometric anal-
ysis in circular buffer areas around seismic station sites [22]. Along the
same lines, a classification of all of Italy [25] has been made and applied
to NW India [26]. These approaches are mainly based on extensive use
of the Topographic Position Index (TPI) [27] implemented in the Land
Facet Analysis toolbox (Ref. [28,29]) in ESRI ArcGis™ [19]. TPI is
considered a parameter sensitive to the scale of analysis [30] requiring
expert-based selection of analysis window size and differential elevation
(maximum-minus minimum value of elevation) in this window.
TPI-based landscape classification analysis [25-29] is therefore a very
time-efficient approach, as it provides preliminary information about
landforms and distribution in the regional landscape. However, it

depends heavily on the scale of analysis. For analytical application, as in
SMGO08 and NTC18, it may not be suitable for identifying all landforms
susceptible to seismic amplification, particularly for estimating the ra-
tios of the amplitude at the top of the relief to that at its base. Due to the
need for generalization (i.e. cartographic generalization [31] and
scale-dependent analysis), the TPI-based approach provides
low-resolution identification of landforms in landscapes with rugged
and complex geomorphologic settings, such as those of mountain ranges
in Italy (i.e. Alps, Apennines and their valleys and internal basins).
Furthermore, any approach that introduces meaningful generalization
methods prevents detailed morphometric analysis. Clear, unambiguous,
comprehensive criteria are therefore necessary to overcome limitations
due to method of analysis and use of TPI if automated procedures are to
be used to assess site geomorphologic effects for extensive DEM-based
assessments (e.g. Refs. [23,25,29]). For this purpose, other authors
(Ref. [23]) have elaborated a procedure based on 20 m x 20 m DEM,
identifying ridges by means of hydrological analysis tools (Flow Direc-
tion and Flow Accumulation available in Spatial Analyst and the Hy-
drology Toolset of ESRI™ GIS Platform) that considers other
morphometric data (slope curvature, focal statistics, and general pro-
cessing of raster data derived from DEM processing) as constraints. The
method used by Ref. [23] to apply NTC18 is based on land classification
in which flat areas beyond a certain size (so-called "large" flat areas) are
not of interest for the study. The identification of such areas is
expert-based and takes land characteristics into account (see examples
from the Apennines where such areas are considered to belong to allu-
vial basins). Although a simplification criterion for the shapes to be
analyzed is needed and the one proposed by Ref. [23] seems reasonable,
there may be reliefs with morphologies matching the cases identified by
NTC18 even in flat areas: the NTC18 regulations do not refer to moun-
tainous, hilly or flat areas, but only to criteria of slope, differences in
elevation and ridge width-to-base ratios. Regarding estimation of the
latter ratios, Ref. [23] estimates within a buffer area having a minimum
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Fig. 4. Example of morphometric analysis to identify crests. The highest point of the ridgeline coincides with the intersection of the ridgeline and the profile (1 in
panel Al). Using selection by position between the highest point and the slope polygon, we can select the slope polygon surrounding the highest elevation of the
profile (2 in panel A2). Intersecting the slope polygon with the profile, we can find three intersection categories (green lines 3 in panel A3) described by SMG08/
NTC18 codes: 1) isolated ridgelines (panels A3); 2) escarpments (panels B3); 3) slopes (panels C3).

width of 100 m, according to the minimum criteria established by
NTC18 (slope at least 15° and difference in elevation at least 30 m). It is
unclear how this method deals with cases where the slope extends
downstream beyond the buffer area. In other terms, h, H,a; and oy
(Fig. 1 and Table 1) are determined in this buffer area even when the
slope is much longer and farther from the valley, i.e. from the base of the
slope. In practice, the method proposed by Ref. [23] considers NTC18
conditions in a buffer area, while in our opinion (and according to
generally accepted morphological schemes), NTC18 conditions apply to
the entire slope, from the ridge top to the base of the slope.

3.2. Alternative ridge-detecting approach

A multiscale-multiresolution approach mitigates limitations due to
scale and generalization of the results. Our data processing relies on
professional GIS platforms, which provide standard analysis tools for
major spatial analysis functions, both raster and vector. Here we used
ESRI™ ArcGIS Pro™, and its programming language ArcPy™, but any
advanced professional GIS platform could be used by adapting the code.
The proposed spatial analysis methods are summarised in the flow chart
of Fig. 2 and include the followings general steps (for more details about
the GIS procedures and ArcPy™ codes used, see Supplementary
Materials):

1. Use of DEMs for automatic extraction of the vector database for
boundary lines, streams and slopes;

2. Automatic creation of regularly spaced morphological sections
(profiles) orthogonal to ridges (in some references defined as crest,
also);

3. Spatial analysis of profiles based on slope and length to assess the
morphometric data required by SMGO8 and NTC18;

4. Classification of profiles according to SMGO8 and NTC18 categories
and entry of classification results in a spatial database.

5. Based on the classification, calculation of Fa and St values for each
profile, also entered in the database;

6. Use of stored data to map seismic hazard and topographic amplifi-
cation effects, mainly for civil defence and earthquake engineering
analysis. The data can be processed by users according to their needs,
preferences and equipment, e.g. using spatial statistics (e.g. IDW,
Kriging, line density, etc. Ref. [32-35]).

The procedure depends primarily on the availability of a DEM of
appropriate resolution for the aims [36]: DEMs for Italy are widely
available and we used TINITALY data provided by the CNR [37,38],
available for the whole country at a spatial resolution of 10 m. This DEM
was obtained from a mosaic of DEMs for single administrative regions of
Italy and the data is freely available as a grid with 10 m cells (in GeoTIFF
format), in the UTM WGS 84 zone 32 projection [38] that we projected
to WGS 1984 UTM Zone 33 N. The DEM TINITALY was obtained mainly
by processing with established techniques the elevation curves and
elevation points available on topographic maps, which in turn were
acquired through photogrammetric interpretation procedures. For
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Fig. 5. Morphometric values representative of standard morphological configurations for a single profile. The meanings of the table attribute values are described in

the red callout boxes in the sketch.

Table 2
Fa values for ridges by the SMGO8 code.
RidgeType L> 350 m 250<L < 350 150<L < 250 L <150
m m
Pointed ridge ~ Fa = el Fa = %3 Fa = ¢731/L Fa = %/
L L
Rounded Fa (0,1-0,5) = e &47H/L
ridge
Table 3
Fa values for scarps by the SMGO8 code.
Elevation class Slope class Fa value
10m<H<20m 10° <a < 90° 1.1
20m<H<40m 10° <a < 90° 1.2
H>40m 10° <a < 20° 1.1
20° <o < 40° 1.2
40° <o < 60° 1.3
60° <o < 70° 1.2
o> 70° 1.1

regional technical cartography (CTR) at a scale of 1:10.00, which a
important source of data, the technical standards for acquisition and
testing stipulate a positional accuracy that does not exceed 2.5 m in
planimetry and 5.00 m in elevation for areas with an average slope
greater than 5% [39]. The accuracy of the DEM used in our work can be
considered comparable with these accuracy values. The recent avail-
ability of very high-resolution DEMs (VHR DEMs) (e.g., airborne LIDAR
surveys and 1:2000 scale mapping) makes it possible to obtain

metric-sized data that allow very detailed land analyses. Unfortunately,
the availability of such data is not continuous throughout the country
because these acquisitions are targeted at areas of high hydrogeological
risk or intensely urbanized areas. At present, therefore, a 10 m resolu-
tion DEM such as that of TINITALY may be a good compromise in several
cases: from a comparison made by Ref. [40] based on different
geomorphic processes, it has been shown how it is possible to deal with
these processes using a 10 m resolution DEM such as that of TINITALY,
and how the availability of next-generation VHR DEMs, while it can
contribute significantly to improving the analysis, does not introduce
indispensable improvements over most applications, including seismic
risk analysis, that make extensive use of these data [41].

As first step we run the Flow Direction and Flow Accumulation
functions on DEM [42]; we set the threshold of several cells on this data
by applying the Raster Calculator to define the minimum flow cells for a
stream. We obtain the feature class (i.e., vector polyline) of the stream
network (panels A and panel B in Fig. 3) using the Raster to Line func-
tion. Similarly, we invert the cell values using the Raster Calculator
function to multiply the DEM by —1, and we obtain the ridgeline feature
class by the process described for streams [43]. To remove the saddle
area between closed ridges (around the peaks), we perform a buffer and
topological check to identify and remove the narrow overlap area
resulting from the buffer areas. The network of streams and corre-
sponding ridgelines is now ready for further processing. On the basis on
these landforms, we run the Generate Transects Along Lines function to
create profiles orthogonal to the ridgelines with a user-defined spacing
interval. We set the spacing between profiles at 10 m (panel D in Fig. 3),
the same resolution as the DEM. The effective length of each profile is
defined by the Intersection function between the generated profile and
the watercourses bordering the ridgelines (Fig. 3). After creation of the
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14 139 5129988 4839342 564,715 3508079 24109129 B0,780731 51,716187 29,59496 1,238127 1 10395241 41600644 | T3

Fig. 6. Example of Fa (SMGO08) and St (NT18) calculations. Consider the profile highlighted in cyan in the map and table (for meanings of attributes, see Fig. 3):
MAX_ELEVATION(H), MIN_ELEVATION(h) and RIDGE_ELEVATION values allow calculation difference of elevation from top of the hill and the bottom of the
wallyes. The factors f;, p2 and 1 are obtained by intersecting the profile line with slopes a; and ay. L is the length of the profile between its intersections with the
watercourses. Using a SQL query on this data, the type of landform can be defined (Fig. 1) and Fa calculated (Fig. 1 andTable 1). In this case, the equation refers to
apointed ridge with L > 350 m (Fa =e'''""1) and Fa = 1.418047. For the calculation of St, a query procedure allows the selection of profiles that meetthe criteria of
Table 4. The red lines in the map are ridges, the black lines are profiles, and the blue lines are valley bottoms. The Fa and St values in the table are the maximum

values of the ridgetops.

Table 4

Equations for estimatingSt based by NTCO8 codes. Maximum expected ampli-
fication effect is assumed to depend on the steepness of the profile and is ex-
pected to occur ‘near the top edge’ of the plateau. The mean slope inclination is
indicated as “i”.

Topographic Topographic surface Location of the workand ST

category characteristics intervention

T1 Flat surface, isolated slopes - 1.0
and elevations with mean
slope i < 15°

T2 Slopes with mean inclinationi At the top of the slope 1.2
> 15°

T3 Reliefs with width at crest (1) At the crest of a relief 1.2
much less than width at base with an average slope
(L) and average inclination less than or equal to 30°
15° <i<30°

T4 Reliefs with width at crest (1) At the crest of a relief 1.4

much less than width at base
(L) and average inclination i
> 30°

with an average slope
greater than 30°

profiles, the elevations at the lowest points, i.e., stream intersections,
and at hilltops along the ridgeline are obtained using the Extract Values
function at points and then an Add Join function at the profile lines. At
this stage of the procedure, each profile line has its own elevation i.e.,
the "h"s and "H"s discussed earlier. Creation of these profiles at the same

resolution as the DEM allows very detailed analysis of the morphology of
the area, without loss of information (panels C and D in Fig. 3).

Another key factor in the procedure is the derivation and processing
of slope data along the profile. Slope values are obtained from the DEM
using the Slope Calculator function, and the resulting data is then
reclassified according to SMGO8 and NTC18 slope categories and con-
verted from raster to polygon to have a slope polygon feature class more
suitable for spatial analysis. The morphology resulting from in-
tersections between the slope polygon and the profile surrounding the
ridge line can be interpreted according to the SMG0O8 and NTC18 clas-
sifications of landforms. These codes give the morphologies different
values of amplification factors Fa and St:

1. the intersection of the slope polygon and the profile defines a limited
portion of the profile surrounding the ridgeline (the highest point of
the profile), e.g., the isolated crest line of SMGO8 and NTCO18 (see
panels A in Fig. 4);

2. the intersection delimits a stretch of profile that extends from the
ridge to a stream on one side of the ridge, e.g., the scarp (see panels B
in Fig. 4);

3. the intersection of the slope polygon and the profile completely
covers the profile line from one stream intersect to the opposite
stream, passing through the crest line: e.g., the hillside or slope (see
panels C in Fig. 4)
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Fig. 7. Morphometric analysis relative to the Narni
area (Centralltaly). Around this hill, in an area of 10
km2, we made 4000 topographic profiles perpendic-
ular to the ridges of the area spaced 10 m apart, 300
of them perpendicular to the main ridge analyzed by
Refs. [10,46], and represented in 2D and 3D maps
above in this figure. A selection of the representative
profiles (for their geographic distribution in the study
area) with data on slope, length, etc. according to
NTC18 code is available in this figure and data re-
ported in Table 5.
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Table 5

Selection of the representative profiles in the Narni area according to NTC 18. Along the ridge area of Narni, our results show the presence of topographic category T4
of NTC18 in the northern, western, and central parts, with average slopes between 30° and 35, and the widespread presence of topographic category T3, with slopes
less than 30°, in the rest of the ridge. For an explanation of symbol used in table, see Fig. 7.

Test area Profile n° MAX ELEV. (H) MIN ELEV. (h) RIDGE ELEV. ALPHA1 (al) ALPHA (a2) H h 1 AVERAGE SLOPE NTC CAT L

Narni 1 709 692 738 19 27 45 29 10 23 T3 615
Narni 2 720 711 780 21 25 69 60 95 23 T3 432
Narni 3 711 681 737 15 27 56 26 20 21 T3 570
Narni 4 694 693 713 18 19 19 19 13 18 T3 198
Narni 5 703 694 753 24 21 59 50 60 22 T3 334
Narni 6 697 691 736 19 16 45 39 13 18 T3 345
Narni 7 750 721 787 17 21 66 36 14 19 T3 420
Narni 8 696 691 749 20 16 58 53 4 18 T3 402

Once the profiles have been processed, further processing based on
the spatial relationships with the slope values is performed for each
profile, determining the morphometric parameters (Fig. 1 and Table 1)
that are finally stored in attribute tables of the spatial database (Fig. 5).
On the basis of data recorded for any profile in its attribute table, we can
calculate Fa and St as follows: SMGO8 assesses expected site amplifica-
tion by Amplification Factor (Fa), whereas NTC18 expresses St, the ratio
of the average value of the response spectrum (acceleration) of ground
motion impinging the relief to that expected at the surface; the average
is computed by considering an interval of periods included in the range
[0.5*Ta, 1.5 Ta] where Ta is the period coinciding with the maximum of
the corresponding response spectrum. Fa takes different values in rela-
tion to landform (Table 2 and Table 3); we can use this tabular data to

calculate Fa for any transect, as in the example of Fig. 5, and associate
the resulting value with the profile attribute table of the spatial database
(Fig. 6).

Amplification effects are also expressed in the form of the frequency-
independent scalar coefficient St (NTC18, Fig. 1 and Table 1) calculated
where the minimum height h of the relief is 30 m. Moreover, the
maximum expected amplification effect depends on the steepness of the
profile and is expected to occur ‘near the top edge’, whereas along the
slopes this value is scaled linearly to value 1 at the base of each slope. We
can use this tabular data (Fig. 6 and Table 4) to calculate St for any
profile, as in the example of Fig. 6.

Summarizing, once the morphometric parameters (I, H, h, L and a;
Fig. 6 and Table 4) have been calculated for each profile, it is possible to
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Table 6
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Morphometric characteristics of representative profiles for Assisi, Nocera Umbra and Navelli. For an explanation of symbol used in table, seeFig. 5. Alphal, Alpha2,

Average Slope in degree; Max Elev., Min Elev., H, h, L, in meters.

Test area  Profile n° MAX ELEV. (H) MIN ELEV. (h) RIDGE ELEV. ALPHA1 (a1)  ALPHA2 (a2) H h 1 AVERAGE SLOPE ~ NTC CAT. L

Assisi 1 260 248 307 17 29 59 47 10 23 T3 478
Assisi 2 323 302 375 30 28 73 52 28 29 T3 284
Assisi 3 291 248 332 21 24 84 41 80 22 T3 405
Assisi 4 342 325 382 31 23 58 40 52 27 T3 280
Assisi 5 355 343 421 28 24 79 66 41 26 T3 439
Assisi 6 383 327 426 28 20 99 43 21 24 T3 423
Assisi 7 305 249 351 25 26 102 45 10 26 T3 380
Assisi 8 271 249 312 22 25 63 41 11 23 T3 302
Nocera 1 460 458 531 21 24 74 72 71 23 T3 450
Nocera 2 474 424 531 29 15 107 58 11 22 T3 607
Nocera 3 487 429 543 26 17 114 56 154 21 T3 603
Nocera 4 443 429 538 37 31 109 95 12 34 T4 445
Nocera 5 446 437 508 30 31 71 61 20 31 T4 406
Nocera 6 459 432 475 31 32 43 16 4 32 T4 177
Nocera 7 440 438 496 34 28 58 55 15 31 T4 277
Nocera 8 467 435 546 27 26 111 79 71 27 T3 446
Navelli 1 709 692 738 19 27 45 29 10 23 T3 615
Navelli 2 720 711 780 21 25 69 60 95 23 T3 432
Navelli 3 711 681 737 15 27 56 26 20 21 T3 570
Navelli 4 694 693 713 18 19 19 19 13 18 T3 198
Navelli 5 703 694 753 24 21 59 50 60 22 T3 334
Navelli 6 697 691 736 19 16 45 39 13 18 T3 345
Navelli 7 750 721 787 17 21 66 36 14 19 T3 420
Navelli 8 696 691 749 20 16 58 53 4 18 T3 402

associate the corresponding values of Fa and St with each profile (Fig. 6).
Each profile is therefore characterized by its amplification effect co-
efficients according to SMGO8 and NTC18 associated with a detailed
spatial database of Fa and St values which can be used to make maps for
hazard and risk analysis and civil protection. The data can be accessed as
tables, spreadsheets or vector and raster maps suitable for data model-
ling, statistic and geostatistic analysis platforms.

4. Case studies

We tested the proposed numerical procedure in some case studies. In
particular, we compared morphological classifications provided by
practitioners involved in seismic response and micronation studies with
the outcomes of the proposed approach when applied to the same areas.
Then, a regional scale application of the code is provided to show its
potentiality in large scale studies. Detailed map and table data for
SMGO08 and NTC18 codes are shown as an example of output of the
proposed method.

4.1. NTC18 proxies

According to Ref. [25] topographic amplification has been analyzed
at several sites Refs. [2,44-50]), and as a comparison with these refer-
ences, we applied our methods in the municipalities of Narni, Nocera
Umbra, Assisi and Navelli (Central Italy). In all these sites the presence
of a slope (e.g. NTC18 Category T2) was not found or plays a negligible
role. The results of our work are shown in Fig. 7: around the Narni hill,
we made 4000 topographic profiles spaced each other for 10 m, 300 of
them perpendicular to the main ridge analyzed by Refs. [2,49]. Our
results show the presence of topographic category T4 of NTC18 in the
northern and western and central parts of the ridge, with average slopes
between 30° and 35°, and the widespread presence of topographic
category T3, with slopes less than 30°, in the rest of the area. Our results
are in good agreement with those of the cited Refs. [2,25,49], and details
are available in Fig. 7 and Table 5.

The main ridge of Assisi was studied by Refs. [25,44]; in these ref-
erences an amplification perpendicular to the main axis of the ridge
leading to NTC18 category T3 is shown, and this result is in good
agreement with our study, which predicts the same NTC18 category T3
for the entire ridge area (Fig. 7). According to Ref. [25] in this area there

is also the T4 class for the WWN edge of the ridge; therefore, we
emphasize that although we do not find the NTC18 T4 category, we find
there are several average slope values that are very close to the limit
value of 30° (see the data for Assisi selected profiles Nos. 2, 4, 5 and 7 in
Fig. 7 and Table 6).

The Nocera Umbra hillside is elongated in the NNW-SSE direction,
with medium to low slope gradient in the northern slope, which in-
creases in value toward the southern slope where the slope gradient is
very steep. This morphology is well represented by the selected profiles
of Nocera Umbra (Nos. 5, 6, 7 and 8 in Fig. 8 and Table 6.), and these
values induce for our computations the presence of NTC18 category T3
for the northern part and NTC18 category T4 for the southern part of the
ridge, in agreement with the results of Ref. [2,46-48].

The Navelli hill has a NW-SE oriented ridge and was studied by Refs.
[2,25,45]. According to Ref. [25] the inclination of the slopes on the
north side of the ridge (where the historical center is located) is
medium-low (19°) which leads to the NTC18 category of T2. The
medium-low morphological setting is also confirmed by our study (see
the data of the selected profiles of Navelli n. 4, 6, 7,8 and 8 in Fig. 7 and
Table 6), but since according to our results the profiles can be classified
as a ridge the NTC category of T3 is present for the whole studied area.
Further data about these test areas are available in Supplementary
Materials.

4.2. SMGO8 proxies

To test the methods for the SMGO8 code Cingoli area (Central
Apennines, Fig. 9), where detailed Seismic Microzonation (SM) data are
available. SM represents the assessment of Local Seismic Hazard by
identifying and mapping areas homogeneous from the seismic point of
view (Seismically Homogeneous Microzone or SHM).

For each area a representative Fa value is estimated to estimate 1D
stratigraphic amplification effects. Moreover, by using the approaches
proposed by Ref. [21] for slope and Refs. [15,17] for isolated reliefs and
ridges, morphological amplification effects are also estimated. By
following the code, these effects must be considered as relevant only in
the case they are larger than the stratigraphic ones. Based on expert
judgment, practitioners in charge for the seismic microzonation activ-
ities estimated the Fa values in Fig. 9 by both considering stratigraphical
and topographical effects. Our analysis indicates that Fa values have
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been misevaluated by the practitioner. At SW of the area, much larger Fa
values have been obtained by applying the classification procedure here
proposed.

4.3. Application to the Marche region
This test was performed to check the feasibility of the procedure for

larger areas Fig. 10 The area is in the Umbro-Marchean Apennine
(central Italy), a southeastern sector of the northern Apennines belt. This
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Fig. 8. Morphometric analysis at the sites Assisi,
Nocera Umbra and Navelli (respectively in the upper,
central and lower frame). In all these sites the pres-
ence of slope (e.g. NTC 18 Category T2) has not been
found or is negligible. To classify the area surround-
ing the main ridges according to the NTC18 category,
200, 150 and 160 profiles spaced 10 m apart from
each other were elaborated for the area of Assisi,
Nocera Umbra and Navelli, respectively. Data for
representative profiles (for their geographic distribu-
tion in the study area) for any area are provided in
the 2D and 3D maps above and in Table 1.

orogenic system belongs to the circum-Mediterranean deformational
belts created by collision of the African and European plates. After the
collisional stage, the whole area underwent sedimentation of shallow
water to continental deposits. Late Miocene to Quaternary tectonic uplift
led to the formation of the present landscape of the region [51-53].
Different morphostructural domains [6,54,56] can be recognized at
regional scale:
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1. mountain ridges of mainly Triassic-Oligocene limestone of the 3. terrigenous hills of Messinian sandstones and clays, with altitudes

Umbro-Marchean succession [51] with elevations exceeding 2000 m generally below 800 m;

and steep to very steep slopes; 4. Periadriatic hills of Pliocene-Lower Pleistocene marine clays and
2. Foothills of Oligocene-Miocene marls and limestones [55] with ele- sands of the Periadriatic Basin [52] sloping gently to steeply down to

vations up to 1000 m and gentle to steep slopes; the northern Adriatic shores.
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Table 7

Comparison of the morphometric analysis performed according to NTC18 and

SMGO8 codes.

Description of Morphometric Typology Quantity
Number of ridge lines 115.586
Total length of ridge lines (Km) 23.009
Number of profile lines, 10 m spaced perpendicular to ridge lines 2.305.946
Number of profile lines suitable for NTC/SMGO8 analysis 1.932.090
Total length of profile lines (Km) 1.537.122
Number of pointed/rounded crests profile lines according NTC18 code 216526
Number of scarp profile lines line according NTC18 15575
Number of slope profile lines NTC18 117728
Number of pointed/rounded crests profile lines according SMGO8 code 371815
Number of “slope” scarp profile lines according SMG08 4

Number of “counterslope” scarp profile lines according SMG08 51359

The landscape is therefore rugged with sharp reliefs delimited by
basins and depressions containing continental deposits. Active and
seismogenic faults are also present. Applying our method, the 10 m
spacing interval between profiles was extended to the whole Region. The
results show that the number of sharp and rounded ridges differed ac-
cording to whether NTC18 or SMGO8 codes were used (Fig. 10, Table 7),
ridges detected by NTC18 being about 58% of those detected by SMGO08.
The difference is mainly due to the slope threshold of the different codes
(10° for SMGO8 and 15° for NTC18) and the maximum/minimum
elevation threshold (h and H) (10 m for SMGO8 and 30 m for NTC18).
The selection of scarps also differed for the same reason (main slope o >
15° for NTC18, and>10° for SMGO8, Fig. 10). Results in Fig. 10 clearly
at what extent the different classification criteria adopted by the two
codes may affect final outcomes, well beyond the respective parame-
terizations in terms of St or Fa factors.

This difference is made more evident in Fig. 11 where amplification
coefficients have been attributed to census districts by using the map
available from ISTAT [57]. To this purpose, a spatial database of these

Soil Dynamics and Earthquake Engineering 174 (2023) 108212

areas with the appropriate values of Fa and St was determined by
merging the values into a new raster map and using Zonal Statistics as
Table Function (Arc GIS Pro™ geoprocessing tools), classified each
district by the minimum and maximum values of Fa and St occurring in
each area. The values for each area were then joined to the census dis-
trict map so that the polygon could be classified on the basis of the
magnitude of the Fa and St values. Results in Fig. 11 makes clear that,
beyond the numerical differences between Fa and St values, di extension
of the areas potentially interested by topographic amplification effects
are dramatically different.

5. Conclusion

A new effective numerical methodology has been presented to
identify areas where proxies provided by current seismic codes suggest
to the presence of seismic amplification phenomena induced by a class of
morphological features. The method is implemented by normal GIS
functions using the Python programming language and the ESRI
ArcPy™ library available in ArcGIS Pro™ GIS. The kernel of the pro-
posed approach is selection of profiles perpendicular to ridges without
any topographical generalization to estimate the parameters considered
in the proxies provided by the Italian codes (SMG08 and NTC18). It
would also be easy to adapt our method to the any other standard. For
each profile, the morphometric parameters necessary for the identifi-
cation of the reference profiles are provided in the form of tabular data,
accessible as a spatial database. Then, the amplification effects provided
in the code are quantified at each considered site; this georeferenced
data repository allows any type of map to be made and processed: raster,
vector, interpolated IDW and so forth, according to user needs, e.g. for
civil defence or engineering purposes. Our processing allows maps with
the same resolution as the source DEM to be created. The only topo-
graphic simplifications and similar trade-offs are those related to DEM
resolutions, DEM acquisitions and the algorithms available in GIS plat-
forms for deriving slope data and hydrological toolsets. Despite efforts to
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reduce the influence of expert or empirical decisions the results, the
approach relies on a number of assumptions about major parameters,
needed to compensate for incompleteness of the description of the
proxies proposed in the codes. These assumptions concern the vibration
period of seismic waves of interest for anti-seismic design (shear waves)
and the stiffness of the subsoil, which is assumed to coincide with
seismic bedrock (shear wave velocity >800 m/s). Different assumptions
can also be considered instead of the above ones. In any case, additional
constraints with respect to those of the codes are necessary to apply any
of the relevant proxy. The aim of the work is to overcome these diffi-
culties by identifying an automatic analysis workflow that allows the
identification of sites possibly subject to seismic topographical amplifi-
cation effects, which unlike those currently proposed in the bibliography
allows to eliminate ambiguity on the choices of the analysis and exces-
sive generalizations of geometric data and morphological maps. The
proposed methods are based on numerical procedures based on spatial
analysis and finally provide detailed maps and data where such effects
are possible (and in some cases documented, as demonstrated for the test
area), producing a detailed mapping of the dangerous zone areas in the
light of current codes on seismic risk. Finally we can evaluate that on the
basis of the method described above and the discussions relating to the
key test area, our approach allows to overcome most of the difficulties
that emerged by analytically and automatically identifying the sites
possibly subject to seismic topographic amplification effects, which
unlike of the approaches currently proposed in the bibliography allows
to eliminate ambiguity on the analysis choices and excessive general-
izations of the morphological, geometric and cartographic data, pro-
ducing detailed data and maps available in spatial databases. No attempt
was made here to evaluate the effectiveness of the proxies; this has been
done elsewhere (e.g. Ref. [15]). For example, it results that by applying
the formulas relating to SMGO8 (see Table 2.), the general rule that
usually the seismic amplification factor of a slope increases as the slope
angle increases, is not always respected; but to the extent that these
considerations are valid we cannot enter into this question because it is
far beyond the scope of our work, which considers the prescriptions of
the code as they are. Anyway, the univocal application of the code is a
basic pre-requisite for any validation procedure based on numerical or
empirical studies. Moreover, the outcomes of the present analysis may
be useful to identify other combinations of the geometrical parameters
of ridges and crests common in the present landscape but not considered
in the codes. These could be the topic of new numerical studies to
develop more effective proxies. The use of computerized techniques
based on spatial analysis, geomorphometry, and other GIS tools is a
common basis for much of the cited work dealing with aspects of
topographic effects. In summary, the strengths of our proposal lie in the
fact that, by overcoming some of the limitations used in other ap-
proaches, mainly inherent in the limitations of using the Topographic
Position Index, it provides an accurate dataset related to each morpho-
logical profile of ridges and escarpments according to the codes of
NTC18 and SMGO8. From this point of view, it is emphasized that the
values of St and Fa, inherent in NTC18 and SMGO8, respectively, while
both dealing with the analysis of topographic effects, have profoundly
different meanings. The possibility of having both of these values for the
same area means that, comparing the value of Fa with the topographic
coefficient (ST), one can adopt the more onerous of the two or carry out
local deepening as provided, for example, by Level 3 Seismic Micro-
zonation. The limitations of our approach are reduced if not absent, our
methods being dependent on the accuracy of the DEM. In this sense,
however, we emphasize that, regardless of the proposed methods of
analysis, there are obvious critical issues in the use of the NTC18 and
SMGO08 codes arising from all the uncertainties in the application of the
regulations that we have tried to mitigate with the premises described in
section 2 of this paper. Further progress could be made by modelling
crucial areas where our method detects maximum values of Fa and St,
coupling these areas with geological data, particularly stratigraphy and
engineering geology, and with measured geophysical data (i.e.
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measured V and other geophysical properties of soils and subsoils). The
proposed method and geological and geophysical data finally make it
possible to test the reliability of SMG08 and NTC18 codes.
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