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Abstract. Geotechnical characteristics in three-dimensional form with the full
thickness of each layer are an essential tool for analyzing and visualizing the
underground conditions, which are useful for civil engineering projects, geologic
hazard assessment, and sustainable development. The objective of this study is
to propose and verify a procedure for building a high-resolution 3D geotechnical
model in Hanoi city (Vietnam). For this regard, a total of 1,386 borehole logs with
attributes of 10,278 soil samples and 16,626 in-situ tests during the last 20 years in
the city were collected and processed. These data were interpreted and analyzed
in a systematic way to integrate into the 3D model. Then, a high-resolution 3D
geotechnical model was constructed and visualized the real geotechnical system
with 21 Quaternary geotechnical layers, which integrated the attribute of 19 soil
parameters and tectonic activities. It is also feasible as a powerful tool for the repro-
duction and analysis when it allows extracting spatial distribution of any layer (or
point, column) in elevation (or depth, volumetric) and any 2D geotechnical map
at different elevation or depth. Finally, the results demonstrated the feasibility of
the high-resolution 3D geotechnical model of Hanoi city, which provides valu-
able information for subsurface and geohazard assessment as well as sustainable
development study mitigation.

Keywords: 3D geotechnical model · Urban planning · Urban geohazard ·
Hanoi · Vietnam

1 Introduction

Geotechnical conditions and properties play an essential role in dealing with the com-
plicated nature of subsurface as urban development and urban geohazard mitigation.
Within the last decades, it has been receiving the attention of many researchers through
building high-resolution three-dimensional (3D) geotechnical models [1–3]. Within the
framework of urban development, geotechnical characterizations of the foundation are
essential information for the urban planning and geohazard assessments of cities. Herein,
geotechnical parameters are highly necessary to determine underground spaces accu-
rately for constructions, which helps to establish a safe urban extension and sustainable
planning [4, 5].
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Literature review shows that urban geohazards involving ground instability can be
costly, dangerous, and affect many people. Some urban geohazards such as land subsi-
dence and liquefaction have become a global problem that many parts of the world have
to face. They cause various damages to roads, bridges, buildings, underground infras-
tructures, and may alter groundwater flows and rivers [6]. For this regard, information
on the high-resolution geological-geotechnical maps plays critical roles in geohazard
predictions and mitigations.

The geotechnical characterization is typically investigated, stored, and represented in
(one-dimensional - 1D) borehole logs, cross-sections, or (two-dimensional - 2D) ground
surface maps associating with soil properties. Therefore, several geotechnical charac-
teristics are still not so well estimated in these traditional representations, especially for
complicated problems as land subsidence and liquefaction [7–10].

From the development of information technology in recent years, high-resolution 3D
geotechnical models have been strengthened research and development. Initially, they
were developed as 3D geo-models that mainly used to solve problems in hydrological
geology, resource protection, or in the oil and gas industry to simulate and predict the
distribution of oil resources, then expanded to serve for other fields such as construction
engineering, geotechnics, numerical analysis. Up to now, most of the efforts in the world
have focused on the accuracy and reliability improvements of 3D geo-models, including
the development of 3D geotechnical models with high-resolution. Many optimization
analysis algorithms have been developed and applied over the years. These are essential
tools for increasing the quality of modeling of surface structures in underground space.
The high-resolution 3D geotechnical models have the potential to apply quite diversified,
but the actual number of development models is still limited. The main reason is that
they need a large and standardized database. The slow development of data digitization,
modeling, and high computerization applications in the field of geosynthetics surveys is
a significant obstacle to the cost of modeling [3, 11–13].

The objective of this study is to propose and verify a procedure for production a
high-resolution 3D geotechnical model of Hanoi city (Vietnam) using the variogram
and kriging interpolation techniques. Then, the model was established using 10,278 soil
samples and 16,626 in-situ tests from 1,386 borehole logs in the city during the last
20 years. Finally, discussions are given.

2 Study Area

The study area is the Hanoi city (Fig. 1), which located between longitudes 105°45′E and
105°55′E, and latitudes 20°56′N and 21°06′N. It covers an area of about 161 km2 that
consists of 13 districts comprising urban and suburban areas. The study area is bounded
by the Red River in the northeast, and two smaller rivers (the Nhue and Tolich Rivers)
border the study area in the west and the south. The altitude ranges from 2.2 m to 12.8 m
a.s.l where the high-altitude areas are the dykes along the Red River (Fig. 1). The Red
River as the main river which provides water for the study area. Its width varies from
480 m to 1,440 m and its riverbed elevation changes from −5.6 m to −8.3 m a.s.l [14].

Geologically, the Hanoi city is situated in the upper part of the Red River delta,
which was formed by the sinking of a former mountain region and was filled by alluvial
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Fig. 1. Location of the study area

deposits of the Red River. The area has undergone periods of active tectonics during the
Neogene and the Quaternary. The Neogene sediments are characterized by a thickness
of more than 250 m and are mainly composed of sand and gravel. The Quaternary
sediments comprise the Pleistocene and the Holocene sediments with a total thickness
of about 80–100 m. The Pleistocene sediments consist of gravel, sand, and clay. The
upper contact with the Holocene formation is conformable while the lower contact
of the formation with Neogene formation is angularly unconformable. The Holocene
sediments covering the Hanoi city were deposited as recent alluvium. The composition
consists of fine-grained sediments such as sand, silt, and clay, in which there are sporadic
occurrences of marine fossils. The formation is a mix of fluvial, lacustrine, and marshy
sedimentswith the dominance of an alluvial origin.On the top are the youngest sediments
distributed in the interior side of the Red River dikes and their affluent that are deposited
as riverbed-riverbank sediments and anthropogenic embankments.Along the large rivers,
it is composed mainly of brownish clayey silt, clay, and sand. While in their affluent,
these deposits are yellowish-grey pebble, gravel, and sand mixed with brownish silt and
clay (Fig. 1) [15–19].

The Quaternary sediments are a multi-aquifer system consisting of two aquifers of
the Holocene and Pleistocene and separated by confining interlayers [20–24]. These
consist of six geological formations from old to young: Lechi, Hanoi, Vinh Phuc, Hai
Hung, Thai Binh, and anthropogenic deposits. Each geological formation was separated
into geological beds in which fining-upward cycles could be recognized in the particle
size distribution.A total of 18 geological bedswith lithological attributeswere delineated
in these geological formations (Fig. 2).
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Fig. 2. The lithostratigraphic table of Hanoi city [19]

The faults system in the Hanoi city was mainly tectonically active before the Quater-
nary but is still having an impact on theQuaternary sediments. Some evidence of faulting
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activity has been observed on the ground surface, but interruptions of the deposits are
seldom observed in the borehole logs [10, 25]. Based on the geological maps, fault sys-
tems were identified comprising the main fault of Vinhninh with the NW-SE trend and
the two smaller faults of Nghiado-Tulien and Thanhxuan-Gialam with a NE-SW trend.
All of them are normal faults. The Vinhninh fault goes through the center of the Hanoi
city and has a length of 18–20 km, displacement of 2–3 km, and a brecciated fault zone
of 400–500 m. The fault has been tectonically active since the Paleozoic-Mesozoic and
played an important role in the Cenozoic. The Thanhxuan-Gialam fault is more than
15 km long and has a brecciated fault zone of 200–300 m. The Nghia Do-Tu Lien fault
is 20–25 km long, has a 600–700 m wide brecciated fault zone, and lies in the north of
the Hanoi city (Fig. 6).

The Hanoi area is situated in the monsoonal region, with hot, rainy and dry seasons.
During the last decades, the coldest month is January with an average temperature of
16.8 °C, whereas the hottest month is July with an average temperature of 29.3 °C.
The maximum evaporation occurs in June with an average value of 99.1 mm, while
the minimum occurs in February with an average value of 52.5 mm. The rainy season
is generally from May until October and is characterized by high temperatures and
humidity. Rainfall in the rainy season occurs with high frequency and intensity and
accounts for 80 to 90% of the annual rainfall [26].

3 Data and Materials

Data for high-resolution 3D geotechnical modeling focus on the topographic surface,
geological settings, borehole logs, and property attributes [2]. Among them, the most
important is probably the borehole logs, which are generally obtained from directly
subsurface observation. They supply all information about coordinates, address, start-
ing elevation, down-hole depth, and lithological attributes. The lithological attributes
comprise material descriptions and properties from in-situ and laboratory tests. The
topographic surface data are the upper limit of the models and are critical for modeling
if ground elevations aremissing in the borehole logs. The geological settings are essential
data to identify sedimentary deposits, geotechnical layers, and tectonic activities.

Based on the availability andknowledge of theHanoi city, the datawas used including
(i) national topographic maps at a scale of 1:2,000 [27]; (ii) Hanoi maps of Quaternary
sediments, geology, and lithology at a scale of 1:50,000 [16, 19, 28]; (iii) 1,386 borehole
logs with attributes of 10,278 soil samples; and (iv) 16,626 in-situ tests. These borehole
logs were coming from 348 geotechnical investigation projects during the last 20 years
at Hanoi city.

4 Methodology

All available traditional geotechnical collected data was and analyzed in a systematic
way by an elaborate data analysis to build a high-resolution 3D geotechnical model
off Hanoi city, that included three main components as ground surface, subsurface, and
attributes.
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For the ground surface, a Digital Elevation Model (DEM) is considered as the most
useful for representation. In addition, high-resolution DEMs are always critical to mod-
eling when ground elevations are missing in the borehole logs. Thus, the high-resolution
DEM of the 3D geotechnical model was generated from the national topographic maps
on the scale of 1:2000 [27]. The raster elevation contours must first be converted to vec-
tors to be “tagged” with their corresponding elevation values. These contour lines were
used as input to build a TIN and then rasterized to a DEM, which can be accomplished
by GIS tools.

Subsurface models are typically constructed based on a number of measured points
obtained from subsurface depths. When the number of measured points is large enough
and regularly distributed, high-resolution subsurface models can be constructed by
directly connecting the observations [29–31]. If there are few measured points or if
they are scattered, realistic subsurface models can only be constructed by interpolation.
The subsurface was constructed by spatial analysis supplemented by a cross-validation
step for every geotechnical layer (GL). The spatial database was done using Microsoft
Excel 365, spatial analysis and interpolation were done using ArcGIS 10.3.

The spatial datasets for subsurface were extracted from measured points as a top
elevation of the different GLs in borehole logs. Before that, this data was cleaned,
inspected of consistency. Both consistency of the coordinates and the starting elevations
of the borehole logs needed to be verified to ensure the quality of data for geospatial
analysis. Every GL in every drilling record was then interpreted. A GL was defined as a
group of observed lithologies that satisfy stratigraphic conditions [32, 33], including (i)
same geological formation or bed, (ii) similar composition, (ii) same compactness, or
consistency, and (iv) same stratigraphic order. Considering the stratigraphic conditions,
the lithology of borehole logs and the stratigraphy of the Quaternary sediments were
matched. Alongwith each drilling record, everyGL thickness was also determined based
on its top and base elevation, the top was defined as the base of the layer above. These
values were derived from the ground elevation minus the depths of down-holes. Missing
GLs between interpreted ones were assigned a zero thickness so that the top and base
elevation have the same value. Similarly, all in-situ tests and soil samples within each
GL were used to construct spatial datasets of soil properties. They were also used as
supplementary information for GL interpretation.

The spatial datasets of every GL are filtered to serve for subsurface interpolations
using geostatistical analysis which supplemented by a cross-validation step [34, 35].
The geostatistical analysis used the stochastic and structural spatial variability of natural
phenomena and was based on the theory of spatial random variables. The spatial distri-
bution of the attributes of the spatial datasets was to be analyzed by variogram analysis
[36, 37]. This interpolation was predicted unknown values based on the statistical rela-
tionships among the measured points, including the fitted model from the variography
analysis (Fig. 3). Prior to the geostatistical analysis, spatial trends were identified and
removed prior to semivariogram analysis, which is performed on the residuals.

For a stochastic variable V(z), if the cumulative distribution of V(zi) is equal to
the cumulative distribution of V(zi + b), the variable satisfies the strict stationarity
hypothesis.

Fz1,z2,......,zn(V1,V2, . . . . . . ,Vn) = Fz1+b,z2+b,......,zn+b(V1,V2, . . . . . . ,Vn) (1)
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Fig. 3. The flowchart of the geostatistical analysis in this research

where z is the vector of spatial coordinates, V(z) is the variable under consideration as
a function of spatial location and b is the lag vector representing a separation between
two spatial locations.

The spatial variable normally cannot comply with this very strict stationarity hypoth-
esis. Thus, geostatistics was employed to the estimation of a spatial variable V(z) if the
second-order stationarity hypothesis can be satisfied that consists of the following two
conditions in the research area:

(1) The mathematical expectation of V(z) exists as a constant as bellowing:

E[V(z)] = E[V(z + b)] = m (2)

(2) In the research area, the covariance of V(z) exists and depends only on the lag
vector b, not on the location z, as belows:

Cov{V(z),V(z + b)} = E[V(z)V(z + b)] − E[V(z)]E[V(z + b)]

= E[V(z)V(z + b)] − m2 = C(b) (3)

when b = 0 → C(0) = Cov{V(z),V(z)} = Var[V(z)].

where m is a constant value, E[V(z)] is the mathematical expectation of V(z),
Cov{V(z),V(z + b)} is the covariance function of V(z) and V(z + b), C(b) is the
covariance of distance b, Var[V(z)] is the variance of V(z).

TheCov{V(z),V(z + b)} is assumed to exist in the second-order stationarity hypoth-
esis. In fact, stochastic variables do not have a covariance, but their variogram can be
found. Thus, an even weaker stationarity hypothesis called the intrinsic hypothesis can
be satisfied if the following two conditions are met as bellowing:
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(1) The mathematical expectation [V(z) − V(z + b)] is equal to zero as:

E[V(z) − V(z + b)] = 0 (4)

(2) The variance of [V(z) − V(z + b)] exists and is stationarity:

Var[V(z) − V(z + b)] = E[V(z) − V(z + b)]2 (5)

Semivariogram analysis is fitting a theoretical model through the experimental semi-
variogram function (Eq. 6), for whole pairs of locations separated by a distance b
as:

γ(b)=1

2
Var[V(z) − V(z + b)]

= 1

2
E[V(z) − V(z + b)]2 − {E[V(z) − V(z + b)]}2 (6)

Under the condition of the intrinsic hypothesis, E[V(z) − V(z + b)] = 0, the
variogram is defined as:

γ(b) =1

2
E[V(z) − V(z + b)]2

≈ 1

2N(b)

N(b)∑

i=1

[V(zi) − V(zi + b)]2 (7)

where N(b) is the number of data pairs separated by b.

Fig. 4. Relationship between covariance and semivariogram under condition of second-order
stationarity

Under the second-order stationarity hypothesis γ(b) = Cov(0) − Cov(b), which is
illustrated in Fig. 4, the semivariance γ(b) increases, and covariance Cov(b) decrease
when the distance b increases. However, if b is larger than a value a, both the γ(b)
and Cov(b) will level off. The variogram γ(b) reaches the maximal value of Cov(0)
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Fig. 5. Experimental semivariogram and fitted theoretical model

and Cov(b) reaches zero. Here the value reflects the autocorrelation influence spectrum,
which is called the range of the variogram. At separation distances between zero and the
spatial variable is auto-correlated.

The experimental semivariogram is only indirectly used in the geostatistical estima-
tion procedure. It is only used for fitting by theoretical models because the experimental
variograms cannot leak the semivariance values at a lag distances continuous series.
Therefore, continuous theoretical variogram models are defined, which are described
by their range, sill, and nugget (Fig. 5). The total sill (sill + nugget) is value of the
semivariance when the semivariogram levels off. It corresponds to the maximum auto-
correlation distance among the measured points. The nugget value reflects the variable
changing at two very close points, that can sometimes be related to measurement errors
or insufficiency of data pairs at the smallest lag distances. The range value as the distance
at which the semivariogram value reaches the total sill value, where data pairs are still
auto-correlated.

Equations of common theoretical models of the Nugget, Spherical, Exponential,
Gaussian, and Power are illustrated in Eq. 8.

+ Nugget: γ(b) =
{
0 if b = 0
c otherwise

;

+ Spherical: γ(b) =
{
c ·

(
1.5

( b
a

) − 0.5
( b
a

)3)
if b ≤ a

c otherwise

+ Exponential: γ(b) = c ·
(
1 − exp

(−3b

a

))

+ Gaussian: γ(b) = c ·
(
1 − exp

(−3b2

a2

))

+ Power: γ(b) = c · bw 0 < w < 2, c is the sill value (8)

Kriging interpolation weights the nearby known values to get a prediction for an
unmeasured location (Eq. 9). There are several Kriging interpolation methods. However,
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the Ordinary Kriging one is suitable for prediction less trending variable and stationarity
hypothesis [38].

V (x0) =
∑n

(i=1)
λi · V (xi) (9)

where V(x0) is the predicted value, λi and V(xi) are measurement and the weight of the
nearby location. Minimal variance and no bias of prediction errors are two requirements
for λi selection as:

+ Optimal: Var[V(xi) − V(xi)] = min

+ Un - bias: E[V(xi) − V(xi)] = 0 (10)

Cross-validation is performed as a statistical calculation of the predicted error diag-
nostics that indicatewhether the adopted theoreticalmodels are reasonable for prediction
[39].Cross-validation removes onepoint at a time from the dataset of sample, and then the
other ones are used to predict the removed sample via theoretical models. Every sample
will have both actual and predicted values for every sample point, and the error is defined
as the difference between them when through doing the same procedure piecewise as
above.

Finally, the interpolated results then assessed based on statistical evaluation metrics
withCorrelationCoefficient (R),MeanError (ME) andRootMeanSquare Error (RMSE)
as shown in Eq. 11, 12 and 13, respectively. The best-interpolated model will be the one
for which R-value is close to one,ME value is close to zero, and RMSE value is minimal.
The ME value is near zero when the prediction errors are unbiased. The model result is
underestimated if ME value is positive, whereas it is considered to be overestimating if
its value is negative [40–44].

R =

i=1
n∑

(xi − x)
(
yi − y

)

√√√√
i=1
n∑

(xi − x)2 ·
i=1
n∑ (

yi − y
)2

(11)

ME =

i=1
n∑ (

xi − yi
)

n
(12)

RMSE =

√√√√√√

i=1
n∑ (

xi − yi
)2

n
(13)

where x1, x2, ..., xn are the predicted values, y1, y2, ..., yn are the actual values, x and y
are the mean of predicted and actual values, respectively.

The attributes were considered as additional information about the geotechnical
behavior of the different layers, such as soil properties and tectonic activities. The soil
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properties comprise the physico-mechanical parameters that are obtained from both
laboratory and in-situ tests. The spatial datasets of soil properties, the in-situ tests, and soil
samples are analyzed per geotechnical layer. A total of 19 parameters are considered as
soil property attributes for eachgeotechnical layer:Theparticle size limits of gravel, sand,
silt, and clay are >2 mm, 0.06–2 mm, 0.002–0.06 mm, and <0.002 mm, respectively.
Consequently, the soil is gravel or sand if it containsmore than 50%gravel- or sand-sized
particles by mass. On the contrary, the soil is fine-grained if it contains more than 50%
silt- and clay-sized particles by mass [45]. The void ratio (e) and porosity (n) are the
ratios of the void-space volume to the solids volume and the total volume, respectively.
Themoisture content orwater content (Wn), in percent, is the quantity ofwater contained
in a soil, which is defined as the ratio of the water mass to the solid mass. In the case
of fine-grained soils, any change in moisture content results in a change in engineering
properties. The liquid limit (WL) is the moisture content at which the changing of soil
state from liquid to plastic one.

On the other hand, the moisture content at which the changing of soil from plastic
to a semisolid one is defined as the plastic limit (WP). They are generally referred to as
the Atterberg limits or consistency limits. The difference between theWL and theWP is
defined as the plasticity index (PI). The liquidity index (LI) is the ratio of the difference
between the Wn and WP to the PI. Moreover, the compressibility characteristics of
fine-grained soils are represented by the coefficients of compressibility (aV) and the
volume compressibility (mv). Both aV and mv are strongly dependent on the pressure
level. The aV is defined as the slope of the void ratio versus the effective stress curve
from the oedometer test. The mv is defined as the ratio of aV to (1 + ei) with ei being
the initial void ratio. For coarse-grained soils, the elastic modulus (E) represent for the
compressibility characteristic. It is defined as tensile stress - tensile strain ratio. The
soil internal friction is defined as the angle on the graph (Mohr’s Circle) of the shear
stress and normal effective stresses at which shear failure occurs that can be obtained
from a triaxial stress test or a direct shear [46]. Besides the mass of size particles, fine-
grained soil is defined as an organic or soft soil based on additional physico-mechanical
parameters. Soils are defined as very soft if the liquidity index >1, the void ratio >1,
the angle of internal friction<100 deg, and the compressibility coefficient>0.1 cm2kg1

[10, 45, 47, 48].
Tectonic activities were interpreted based on the fault system. However, these geo-

logical properties could not be fully represented in 2D by the strike and dip only. Based
on the volumetric body of the high-resolution 3D geotechnicalmodel, the planes of faults
could be reconstructed using ArcScene through associating polygonal lines by direct tri-
angulation of digitized faults from the geological map. The dipping direction of faults
is simplified by having a constant slope. The volumetric body of the high-resolution
3D geotechnical model is constructed by putting the DEM and all the interpolated top
elevations of geotechnical layers in stratigraphic order.

5 Results and Discussion

Since exhaustive geotechnical characterization for 3Dmodeling, all available traditional
geotechnical data was collected and analyzed in a systematic way to integrate into
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the model by an elaborate data analysis. The domain of the model was taking into
consideration the overall objective and available geotechnical data in the Hanoi city and
surroundings. Within this domain, the model had been based on the interpolation of the
real geotechnical system. The high-resolution 3D geotechnical model was constructed
with three main components, including (i) ground surface, (ii) subsurface, and (iii)
attributes.

From the sedimentary conditions and the geotechnical characteristics and available
borehole logs, themodeling areawasdelineated as a rectangular area, including theHanoi
city or area of interest. The domain stretches from longitudes 105°41′E to 105°56′E and
from latitudes 20°53′N to 21°07′N, it has an area of about 652 km2. In the vertical
direction, the domain is bounded on top by the ground surface so that it includes the
Quaternary sediments. The bottom limit of the domain consists of the Neogene sediment
bedrock. Since the Hanoi city is a the Red River delta part, stratification is defined as
conformity with continuous sediment deposition (Fig. 1).

The ground surface of the 3D model was constructed as a DEM with 30 × 30 m
pixel size. Its altitude ranged from 2.2 to 13.8 m a.s.l and gradually inclines towards the
southeast. The highest altitude areas were also present along the main rivers as dykes
(Fig. 1).

The subsurface of the 3D model included 21 geotechnical layers that were defined
and interpreted. They were assigned from 1 to 21 by descending stratigraphic order and
are correlated to the formations of geology. The spatial database for these geotechnical
layers was constructed as a database inMicrosoft Excel with four separate files (borehole
logs, geotechnical layers, in-situ tests, and laboratory test) that related to each other by
the key field of “drilling record name”. Since the large variety in the depth of the borehole
logs, the amount of information from borehole logs decrease with depth. Therefore, for
the deep geotechnical layers, less data points with elevation data were available. After
trend identification elimination, variogramsof the residual datasets of the 20geotechnical
layers were calculated and interpolated by Kriging. The final experimental and modeled
variograms for these top surfaces are listed in Table 1 (Figs. 7 and 8).

The values of R, RMSE, and ME of the actual versus the predicted elevations cor-
respond to (0.81–0.94), (-0.001–0.081 m), (0.59–3.92 m) for all 20 geotechnical lay-
ers are satisfactory. It should be noted, however, the predicted elevations were slightly
underestimated for geotechnical layers 11, 12, & 21 and overestimated for geotechnical
layer 20. These errors can probably be attributed to the scattered spatial distribution of
drilling record locations and the complexity of the geological system. The prediction
error indices from cross-validation and the interpolated elevations of the geotechnical
layers are shown in Table 1 and Fig. 6, respectively.

Based on visual inspection of the results, the predicted elevations of all layers are
gradually decreasing from the north (mountain region) to the south of the Hanoi city.
Geotechnical layer 20 is the thickest with predicted top and base elevations of (−20 m,
−48.8 m) and (−50.1 m, −70.8 m). The base surface of this geotechnical layer is also
the base surface of the Quaternary sediments or the top surface (geotechnical layer 21)
of the Neogene bedrocks. The thinnest geotechnical layers are layer 18 and two groups
of layers comprising layers 2 to 7 and layers 10 and 11, respectively.
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Table 1. Final theoretical variogram models and the prediction error indices through cross-
validation of top elevation values of the geotechnical layers (GL)

GL Final
theoretical
model

Sill
(m2)

Nugget
(m2)

Major
range
(m)

Minor
range
(m)

Major
direction
(deg)

Lag
(km)

R RMSE
(m)

ME
(m)

2 Exponential 4.99 0.06 19.560 29.340 38.1 2.45 0.93 0.69 −0.001

3 Gaussian 0.92 0.12 1.096 924 93.0 0.14 0.92 0.80 −0.005

4 Exponential 4.88 0.13 20.475 30.713 33.2 2.56 0.89 0.80 −0.004

5 Spherical 3.89 0.31 8.587 12.880 31.3 1.07 0.85 0.99 −0.002

6 Gaussian 1.59 0.13 1.610 1.815 175.8 0.20 0.94 0.59 0.005

7 Gaussian 1.49 0.32 1.224 1.016 104.9 0.15 0.90 0.72 0.006

8 Spherical 8.63 1.48 685 916 29.5 0.07 0.83 1.59 0.015

9 Exponential 20.31 0.00 803 1.154 14.6 0.10 0.81 3.92 −0.021

10 Gaussian 16.65 3.07 1.429 1.210 106.9 0.18 0.86 2.30 −0.013

11 Gaussian 19.46 2.99 1.391 1.571 4.4 0.17 0.90 2.40 −0.053

12 Gaussian 24.20 2.95 1.594 1.945 26.4 0.20 0.91 2.80 −0.057

13 Gaussian 26.83 4.66 1.388 1.524 13.2 0.17 0.91 2.80 −0.036

14 Gaussian 25.74 4.61 1.682 2.523 19.9 0.21 0.92 2.77 0.016

15 Exponential 118.46 2.50 21.537 15.710 85.3 2.69 0.91 2.95 −0.010

16 Gaussian 27.24 5.89 1.667 1.422 101.3 0.21 0.91 2.45 −0.027

17 Gaussian 21.77 4.49 1.635 1.305 65.0 0.20 0.89 2.56 0.012

18 Gaussian 19.80 5.63 1.562 1.163 60.5 0.19 0.90 2.52 0.019

19 Gaussian 19.00 4.74 1.534 1.026 60.8 0.19 0.94 1.39 −0.005

20 Spherical 7.20 0.00 1.088 622 51.2 0.91 0.92 2.34 0.081

21 Gaussian 15.06 1.61 3.780 4.111 173.7 0.47 0.91 2.80 −0.057

Except for Neogene bedrock, the attributes of the soil properties were defined from
in-situ and laboratory tests performed within each GL. The soil properties are described
here for four different types of material, such as gravel, sand, clay, and soft (or organic)
soils. The gravel soil is found only in GL20 with a composition consisting of cobbles
and pebbles with sand. Its properties range as 8.0 ÷ 13.0 MPa in elastic modulus and
25.9 ÷ 101.3 md−1 in hydraulic conductivity of 25.9 ÷ 101.3 md−1. The sandy soils
were defined as being composed of fine to coarse sands and are found in GLs of 6, 9, 16,
and 17. Their properties as 5 ÷ 27 MPa in modulus and 3.0 ÷ 33.1 md−1 in hydraulic
conductivity. The clayey soils are found in GLs of 1, 3, 4, 5, 8, 13, 14, 15, 18, and 19 with
compositions such as clay, sandy clay and clayey sands. The properties of these soils as
25.5 ÷ 35.6% in moisture content, 30.9 ÷ 44.7 in the liquid limit, 21.6 ÷ 25.2% in the
plastic limit, 0.77 ÷ 0.99 in void ratio, 9.5 ÷ 8.2*10–4 md−1 in hydraulic conductivity,
and 1.5 ÷ 100.0*10–6 cmkg−1 in volume compressibility coefficient. The organic soils,
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Fig. 6. The high-resolution 3D geotechnical model of Hanoi city with 20 predicted top elevations
(m a.s.l) of geotechnical layers and attributions

including silt, mud, peat, and clayey soil, are found in GLs of 2, 8, 11, 12, and 13. Their
properties range as 36.3 ÷ 63.7% in moisture content, 42.9 ÷ 62.8% in the liquid limit,
26.8 ÷ 38.2% in the plastic limit, 1.04 ÷ 1.90 in void ratio, and 2.3 ÷ 2.7*10–6 cmkg−1

in volume compressibility coefficient.
Tectonic activities were interpreted based on the fault system. However, these geo-

logical properties could not be adequately represented in 2D by the strike and dip only.
Based on the volumetric body of the high-resolution 3D geotechnical model, the planes
of faults were reconstructed by direct triangulation through associating polygonal lines
of digitized faults from the geological map. The dipping direction of faults is simplified
by having a constant slope.
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Fig. 7. The high-resolution 3D geotechnical model of Hanoi city with 20 predicted top elevations
(m a.s.l) of geotechnical layers and attributions (1st continued)
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Fig. 8. The high-resolution 3D geotechnical model of Hanoi city with 20 predicted top elevations
(m a.s.l) of geotechnical layers and attributions (2nd continued)

6 Conclusion

In this study, a high-resolution 3D geotechnical model of Hanoi city was build using
maps (topography, Quaternary sediments, geology), geotechnical data (1,386 borehole
logs with attributes of 10,278 soil samples and 16,626 in-situ tests), and geostatistical
analysis supplemented by cross-validation. The high-resolution 3D geotechnical model
of Hanoi city provided an exhaustive geotechnical characterization with a total of 21
volumetric GLs with the attribute of 19 soil parameters and tectonic activities. The
findings of them were satisfactory from statistical evaluation metrics. It is also feasible
as a powerful tool for the reproduction and analysis when it allows extracting spatial
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distribution of any layer (or point, column) in elevation (or depth, volumetric) and any
2D geotechnical map at different elevation/depth.

From the resultant model, challenges were solved such as (1) the complexity of
geotechnical conditions have been transited to a computational representation; (2) the
collected and archived data have been increasing quantity, their increased sophistication
could be used to improve the variogram analysis results with a better interpolation; (3)
the complexity of subsurface was constructed by systematic geostatistical analysis; and
(4) the high-resolution 3D geotechnical model could allow performing complex analyses
and computations on the geo-framework for different usage.

By this study, it is the first-time geotechnical characterization of Hanoi city was
reproduced with high-resolution in comparison with previous studies [7, 8, 10, 21, 49–
51].

It is possible that, demonstrated feasibility of the high-resolution 3D geotechnical
model of Hanoi city using the proposed methodology. From it, valuable information
could be provided for dealing with the complicated environment of subsurface as urban
development and geohazard mitigation for the Hanoi city.
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