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Abstract

The study of the relationship of local ground conditions with the parameters
of seismic vibrations carried out by the section of engineering seismology called
seismic microzonation. In this branch of applied science radical changes have
taken place at the end of the last century. The Commission on Seismic Safety
of the National Institute of Building Sciences of the United States has devel-
oped new recommendations, which are significantly different from all that
used in the world practice of anti-seismic construction. The main provisions
of this NEHRP (National Earthquake Hazards Reduction Program) classifica-
tion adopted in many national building codes, including Eurocode 8. At the
same time, a number of papers appeared in subsequent years criticizing the
use of the NEHRP soil classification. This article examines in detail and, most

importantly, comprehensively the shortcomings of the NEHRP classification.
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1. Introduction

The study of the relationship of local ground conditions with the parameters of
seismic vibrations carried out by the section of engineering seismology called
seismic microzonation. In this branch of applied science radical changes have
taken place at the end of the last century. The Commission on Seismic Safety of
the National Institute of Building Sciences of the United States has developed
new recommendations [1], which are significantly different from all that used
in the world practice of anti-seismic construction. The main provisions of this
NEHRP (National Earthquake Hazards Reduction Program) classification adopt

in many national building codes, including Eurocode 8 [2].
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Despite the undoubted advantages [3], in a number of works [4] [5] [6] [7] [8]
it was noted that the classification of soils, determined by the requirements of
the Recommendations [1], leads to an erroneous assessment of the levels of soil
reinforcement and, as a result, to incorrect estimates of seismic hazard. The re-
searchers mainly paid attention to the discrepancy between the soil conditions in
different regions of the world (for example, in India, China, Australia, Israel,
Greece, Italy) and the soil conditions of the United States.

It is obvious that at the position of the rocky ground above 30 m, the value of
the average velocity in the 30 m layer increases and there is a fictitious increase
in the rigidity of the upper soil layer, leading to a decrease in the calculated value
of the intensity increment or decrease site coefficient F,. This situation was in
contradiction with the established practice of seismic engineering surveys.

At the position of the roof of the rock half-space at depth A and at the shear
wave velocity in the loose layer V; and in the rock half-space V;, the average ve-
locity of the upper 30-meter layer is determined by the expression: < V(H)> =
30/((30 — H)/ V, + (HI V1)). Substituting in this expression A < 30 m, V; = 300
m/s, Vo = 800 m/s, getting the values of average values of shear wave velocity
<V>, which differs both from the values in the lower half-space and from the
values of the velocity in the layer of loose soil.

Of particular importance are these observations due to the fact that in many
cases researchers use the method of studying the upper part of the soil using the
ratio of the amplitudes of the horizontal and vertical components of microseis-
mic vibrations, also known as the Nakamura method, in which the parameters of
the soil massif are determined with some averaging.

In Russian surveys, much more attention is paid to the direct study of soils
using engineering and geological data obtained during the drilling of exploration
wells, which allows determine the position of the roof of the rock half-space more
accurately and take into account the effect of a fictitious increase in soil rigidity.
The noted lack of NEHRP recommendations eliminate in modern Russian norms
[9], where the estimated thickness of the soil is determined by the thickness up
to the boundary with increased seismic rigidity, if it is present in the upper 30-
meter thickness of the soil cross-section.

It should be noted that the most important feature of an adequate soil classi-
fication is the requirement of mutual compliance, Ze. the necessity and suffi-
ciency to put one set of soil parameters in accordance with one and only one set
of parameters of seismic impacts.

The purpose of this study is to check whether the NEHRP classification meets
the specified requirements. There are several possible reasons for this discre-

pancy. Consider them sequentially.

2. Research Methodology

Verification of the validity of the classification of NEHRP consists in comparing

the parameters of the soil to seismic impacts using a series of model examples.
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According to the classification of NEHRP, the site class is determined mainly by
the value of the velocity of shear waves in the 30-meters layer of soil lying on the
roof of a rigid elastic half-space. The corresponding seismic impacts are deter-
mined by the site coefficients. In the book [10] it is shown that the site coeffi-
cients can be obtained as dynamic coefficients in a result of modeling on a series
of models of the ground massif corresponding to the site classes from A to E.

To determine the dynamic coefficients, we will use the NERA program. We
calculate the response spectra on the models using the NERA program [11]. The
oscillations in the model are excited by a short pulse with a duration of one sam-
ple and an amplitude of 0.1 g, which ensures the linearity of the processes in the
model. As is known [12], the response of a linear system (including a system of
soil layers) to a short pulse is a pulse response, the spectrum of which is the fre-
quency characteristic of the system. The advantage of this method of investiga-
tion is that in this case there is no need to know and take into account the spec-
trum of the input (exciting) action—in the spectrum of the input pulse there are
“all frequencies”. The output data in the NERA program is the Fourier spectrum
and the response spectrum. The dynamic coefficient calculates as the response
spectrum normalized on the shortest (“zero”) period. The values of dynamic
coefficients, normalized on a value corresponding to the model of a site category
B, give a values close to the gain for the short-period part of the spectrum £,
corresponding to the site classes of classification NEHRP, that shown in Table 1.

In the following part of the work, the results of comparing the data obtained
during the modeling of various model situations with the data of Table 1 pre-
sented. If these two types of data show a satisfactory match, this will mean that
the site classification of NEHRP soils corresponds to the real simulated situation.

In the following part of the work, the results of comparing the data obtained
during the modeling of various model situations with the data of Table 1 pre-
sented. If these two types of data show a satisfactory match, this will mean that

the site classification of NEHRP soils corresponds to the real simulated situation.

3. Results of Research

The results of the research presented in this article in the form of short para-
graphs of the text, provided with appropriate explanatory figures that display

various consecutive fragments of the general consideration of the named topic.

Table 1. Sire coefficients of short-period F; of NEHRP classification.

Site class Velocity Vs, m/s Site coefficient F, for linear part of seismic impacts
A >1500 0.8
B 760 - 1500 1.0
C 360 - 760 1.2
D 180 - 360 1.6
E <180 2.5
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3.1. On the Characteristics of the Soil Layer Properties

Another aspect of this problem relates to the correct definition of the soil massif
seismic properties. In the NEHRP norms, this choice made exclusively in favor
of the average shear wave velocity. This choice is certainly correct, since the shear
wave velocity more adequately corresponds to the properties of the soil and, in
addition, on the shear wave velocity is less effect of water saturation.

Meanwhile, the shear wave velocity, although it is the most important charac-
teristic of the seismic properties of the soil massif, it is not the only value that
determines the seismic properties of the soil. The reaction of the soil to seismic
impacts also determined by the density, or more accurately seismic rigidity—the
product of the density and the shear wave velocity. It is appropriate to note that
this value appears as the main quantitative characteristic of soil properties in
Russian standards [9] [13]. The argument that the density of soils does not
change so significantly relative to changes in velocity is not fundamental impor-
tance.

Let us compare the choice of different characteristics of soil properties—the
average shear wave velocity or the average seismic rigidity in the upper 30-meter
thickness of the soil on specific model examples.

For this purpose we study two models with the same V; velocity value and dif-
ferent density and, accordingly, different seismic rigidity. For comparison, the
model of the site class B is also studied. The parameters of the models show in
Table 2. According to the NEHRP classification, both models belong to site class
D. On the other hand, the seismic rigidity of the loose layer of both models is
different.

Figure 1 shows the dynamic coefficients of all models. As follows from Figure
1, the maxima of the dynamic coefficients are equal to 2.5 for the 1C model, 2.9
for the 2D model and 1.85 for the B model. Therefore, the values of the site coef-
ficients are equal to 2.5/1.85 = 1.35 for the 1C model and 2.9/1.85 = 1.57 for the
2D model. Thus, although both models on the shear wave velocity values belong
to the ground class D, the site coefficients for them differ significantly. Only the
2D model corresponds to the classification of NEHRP. For the model 1C the
value of site coefficient is noticeably lower than the standard value.

The results of such a comparison show that the model data obtained contra-
dict the data in Table 1 and the general classification requirements, which imply
that if the soils belong to the same soil class, the site coefficients, consequently,
the accelerations must be equal. At the same time, the acceleration values for the
2D model with lower seismic rigidity of upper layer exceed the acceleration val-
ues for the 1C model with greater seismic rigidity of the same. Thus, the seismic
rigidity as the main parameter that characterizes the properties of the soil better
corresponds to the general classification criteria.

Now consider two models of soils with different average shear wave velocities
values, but the seismic rigidities of the loose layer of both models is almost the

same. Parameters of soil models showed in Table 3.
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Table 2. Parameters of soil models with the same shear .wave velocities.

Model 1C
Thickness, m Density, t/m? Velocity Vi, m/s  Seismic rigidity, tm™=2s™
30 2.2 350 770
oo 2.5 800 2000
Model 2D
30 1.7 350 595
oo 2.5 800 2000
Model B
30 2.5 800 2000
oo 2.5 800 2000

Table 3. Parameters of models with close values of the seismic rigidity of the upper layer.

Model of site class C

Depth, m Density, t/m? Velocity V,, m/c Seismic rigidity, t-m2s™
30 1.8 390 702
oo 2.5 800 2000
Model of site class D
30 2.1 334 701.4
oo 2.5 800 2000
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Figure 1. Dynamic coefficients of models 1C, 2D and B.

By the NHRP classification, the first model belongs to the site class C, since
Viso > 360 m/s. The other model belongs to site class D, since Vi3 < 360 m/s.
Graphs of the dynamic coefficients of models C and D shown in Figure 2. It is
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Figure 2. Dynamic coefficients of models C and D with close values of the seismic rigidity
of the upper layer.

obvious that the values of the maxima of the coefficients practically coincide,
which indicates that both models belong to the same soil classes, if the classifica-
tion is based not on the Vsvelocity, but on seismic rigidity.

On the other hand, the periods of maxima of the dynamic coefficients corres-
pond to the values of the velocities of the loose layer. Given that the thickness of
the loose layer A= 30 m corresponds to a quarter of the wavelength for site class
C, the resonance period (the period of the maximum dynamic coefficient) is
noted at the period 7c=120/390 = 0.31 s, and for site class D at the period 7d =
120/334 = 0.36 s.

Thus, we find that the use of seismic rigidity as a characteristic of soil proper-
ties of upper layer is more adequate than the values of average velocities V530,
correspond to the results of modeling and, therefore, should be used as the basis

concept for soil classification.

3.2. The Concept of Continuity

The use of seismic rigidity as a characteristic of soil properties allows a new ap-
proach to determining the nature of the relationship between soil properties and
parameters of seismic impacts. To do this, we will also use the results of model-
ing a family of single-layer models, the parameters of the upper layer of which
(shear wave velocities and densities) correspond to the soil classes defined by the
NEHRP classification. The seismic rigidity of the underlying rigid half-space is
equal to 2200 t-m~2s™". The model parameters show in Table 4.

It is possible to construct a graph of the relationship between the parameters
of seismic impacts, represented by site coefficients, and the characteristics of soil
properties, presented by the shear wave velocities, in accordance of the NEHRP
classification, using the simulation results. This graph showed in Figure 3.

In Figure 3 by a solid curve line showing the continuous dependence of ground
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Table 4. Modeling of site coefficients.

Maximum of

Density,  Velocity, Vi Seismic rigidity, Site
Site class 3y V> Ve > g_l 4 dynamic coefficient .
t/m m/s t-m™-s coefficient
AMHAMUYHOCTH
A 2.4 1700 4080 1.88 1
B 2.2 1000 2200 1.9 1
C 1.9 580 1100 2.34 1.23
D 1.7 290 493 3.28 1.7
E 1.5 100 150 5.32 2.8
3.5 -\
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TRy \
8 25
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.0 2
|
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< B A
1 ——— p— !
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Figure 3. Dependence of site coefficients on the velocity of shear wave in the soil.

coefficients on the shear wave velocity in the soil, bold horizontal lines show the
values of site coefficients determined by the NEHRP classification. Thin vertical
lines mark the boundaries of soil classes. It is obvious that the constant values of
the site coefficients correspond exactly to the values of V3 only at one point. In
Figure 3, the section of zone D in which the normative values are less than the
real values of soil coefficients highlighted by light gray, and in the section hig-
hlighted in more dark color, the normative values exceed the real values of site
coefficients. In addition, at the boundaries of the zones, the values of site coeffi-
cients undergo discontinuities. These observations show that the approximation
of site coefficients by constant values for individual site classes is unsatisfactory.
These arguments represent part of the general concept of continuity (spatial con-

tinuity), described in more detail in the book [6].

3.3. The Structure Factor

So far, all the models characterized by the same parameters: either the average
shear velocity to 30-meter upper layer of soil, or seismic rigidity, ze. the product
of average density on the average shear velocity of the same layer of soil. How-

ever, there is one circumstance, which not been taken into account. And it is, as
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we shall see, very important. This is the internal structure of a 30-meter layer of
soil. When we talk about the internal structure, we mean the order of alternating
layers in the array, which can be arbitrary, although the average values of veloci-
ties and densities are preserved. For example, consider two simple models that
include two layers with increased and reduced values of velocities and densities.
The parameters of two-layer models showed in Table 5.

The calculations as usually performed using the NERA program. In this case,
we use the response spectrum as the output data, since it displays both the fre-
quency and amplitude features of the oscillations. The obtained results showed
for comparison in one Figure 4.

It is obvious that for the C + 15 and C — 15 models, both the type of spectral
curves and, most clearly, the level of spectra differ. The accelerations of the
model C + 15 are about 1.5 times lower, due to the in the structure of the model
C + 15 there is an inverse low-speed layer, and the upper part of the section in
the model C + 15 is a layer with high seismic rigidity. Thus, a seismic wave
coming from below a rigid half-space weakened due to two factors. First, at the
inverse boundary—the roof of a layer with reduced rigidity—part of the energy
thrown back into the lower half-space. Secondly, on the roof of the upper layer,
the vibrations will be lower precisely because of the increased (relative to the C —
15 model) rigidity.

It can assumed that the detected differences in the dynamic coefficients of
both models are somehow related to the thickness of alternating layers, and with
a decrease in the thickness of a single layer, the “heterogeneity” of the model de-
creases, which can manifest itself in a decrease of differences in spectral charac-
teristics. That this is the case shows the following model example, in which two
models with 1 m thick layers alternating in seismic rigidity are studied. The
models differ in the seismic rigidity of the topmost layer. The total thickness of
the “comb” of overlapping layers is 30 m and it underlain by a half-space with
increased seismic rigidity. Figure 5 shows the dynamic coefficients, which, as
shown, are exactly the same.

As follows from Figure 5, the maximum dynamic coefficients barely exceed 2.
For comparison, Figure 6 shows a graph of the dynamic coefficient of the aver-

age model with the parameters <p> =2 tm2c™ < V> = 500 m/s.

Table 5. Parameters of two-layer models of soil massif.

Model C + 15
Number of layer Density, t/m® Velocity Vs m/s Layer thickness, m

1 2.0 667 15

2 1.8 400 15

3 2.2 1000 oo
Model C - 15

1 1.8 400 15

2 2.0 667 15

3 2.2 1000 oo
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Figure 4. Response spectra of models C — 15 and C + 15.
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Figure 5. Comparison of dynamic coefficients of the “comb” model.
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Figure 6. Graph of dynamic coefficient of average model.
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The average model corresponds to site class C both in terms of the shear wave
velocity and in terms of the soil coefficient F,, which, according to [6], define as
the ratio of the maxima of the dynamism coefficient of categories C and B.

It cannot exclude that such a perfect coincidence of the dynamic coefficients

for the “comb” models is a consequence of its ordering.

3.4. On the Inpracticability of Using the Concept of Soil Classes

The following example demonstrates the situation in the case of a “chaotic” or
irregular model. Figure 7 shows the density and velocity sections of the soil model
with an irregular structure and Figure 8 demonstrates a graph of the dynamic

coefficient.
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Figure 7. Parameters of irregular structure model.
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Figure 8. Dynamic coefficients of irregular and average models.
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In the density and velocity graphs, there are many areas with “anomalous”
changes, i.e., where the model parameters-density and velocity-decrease relative
to the “normal” law, which assumes an increase in both the density and velocity
of elastic waves with depth, both due to an increase in geostatic pressure and lo-
cal features of sedimentation. We also note that the relative changes in densities
and velocities are small. Despite this, the influence on the parameters of seismic
impacts, that reflected in the form of response spectra and dynamic coefficient,
is very significant.

Let’s compare the results of modeling an irregular model of the soil massif
with the corresponding model, the upper part of which is represented by aver-
aged parameters. The “chaotic comb” shown in Figure 7 is replaced by a homo-
geneous layer with the parameters p = 1.84 tm™.c”' and V; = 219 m/s. The re-
sulting dynamic coefficients for these models shown in Figure 8.

The maximum dynamic coefficient of irregular model on Figure 8 does not
exceed 1.6, which is less than for the model with no resonances. The maximum
values of the dynamic coefficient are less than 1.9, which, according to Table 4,
means the absence of resonant phenomena and, moreover, the manifestation of
antiresonance effect. Discussion of this phenomenon is beyond the scope of this
article.

The dynamic coefficient of the model with the averaged upper part of the soil
massif is 3.4 and the site coefficient equal to the ratio 3.4/1.85 = 1.84 corres-

ponds to site class D.

3.5. The Role of Inverse Layers in the Soil Section

Analysis of the materials of the study of the model with an irregular structure
suggests a special role of the inverse layers in the soil section. The next series of
model experiments aims to test this hypothesis. Examples taken from experi-
mental data obtained at the seismic microzonation of Kaliningrad city. Here, in
the floodplain of the Pregol River, rather thick layers of silt with low density and
low values of the shear wave velocity found in the soil section. These features of
the soil section have a noticeable effect on the seismic wave field [6]. To study
the effect of the inverse layer on the spectral characteristics, two types of models
used: normal with increasing density and velocity with depth, and anomalous
with the presence of inverse layers in the section. The parameters of models
shown in Table 6.

The modeling results presented in the form of dynamic coefficients in Figure
9. The maximum dynamic coefficient of the normal model is about 2.5, and the
abnormal model is less than 2. For the averaged model with Vs = 193 m/s finea
= 1.76 t/m’, the dynamic coefficient shown in Figure 9 is 3.5, which corresponds
to the site class D. At the same time, the shape of the graphs of the normal and
averaged models differs sharply.

The averaged model characterized by a noticeable spectral peak at a period of

about 0.7 s, which roughly corresponds to the resonance of a loose layer on a
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Table 6. Parameters of normal, abnormal and average models.

Normal model

Ne layer Thickness of layer, m Density, t/m® Velocity Vi, m/s
1 1.5 1.5 100
2 7.5 1.7 240
3 19 2.0 420
4 2 2.1 470
5 ) 2.5 800

Abnormal model

1 6 1.8 230
2 5 1.6 120
3 5.5 1.7 200
4 2 1.4 80
5 11.5 2.0 320
6 o 2.5 800

Average model

1 30 1.76 193

2 o 2.5 800

A
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Figure 9. Dynamic coefficients of the normal, abnormal and average models.

hard half-space. At the same time, for a normal section, the maximum dynamic
coefficient observed at a short period of 0.16, due to the resonance on the upper
layer with a power of 9 m and a speed of about 200 m/s. Thus, although the in-
verse layers make a significant contribution to the discrepancy between the soil
properties of their classification using averaging, but the model of normal, Ze.
monotonic increase in soil properties also does not correspond to the NEHRP

classification.

DOI: 10.4236/0jer.2021.101001 12 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2021.101001

A.S. Aleshin

3.6. Model Instead of Site Class

So, it was shown above that both the NEHRP classification and in general the
representation of the relationship of the site properties of the soil mass with the
parameters of seismic impacts are unsatisfactorily described by the model with
constant parameters. There is show that there is no need to use the concept of
site classes.

We are deeply convinced that the concept of soil classes is rooted in macrose-
ismic concepts previously used in the practice of engineering surveys. In this
time, instead of instrumental parameters of seismic impacts for evaluation of
seismic impacts, macroseismic intensity used. The definition of intensity is es-
sentially discrete; it is based on a macroseismic assessment of seismic impacts in
grads of a macroseismic scale. The discrete intensity had to be brought into line
with the discrete representation of soil conditions, which was implemented in
the form of site classes. This discreteness was violated by the formula of the
seismic rigidity method, by which the seismic intensity could be calculated with
any accuracy, essentially a continuous quantity. This made it necessary to match
the continuity of seismic impacts with the continuity of the representation of the
soil conditions.

Instead of soil classes, the main concept of seismic microzonation, that deter-
mines the features of engineering and seismological surveys in the studied terri-
tory, it proposed to use the concept of model of seismic ground conditions. This
concept includes all local features of the geological situation that determine the
specifics of seismic impacts—their amplitude and spectral composition.

At the same time, concrete examples showed how to link the properties of
soils with the parameters of seismic impacts without using the concept of soil
classes. The question is how the soil model form. In the model examples given in
this article, the models formed artificially in order to test a particular hypothesis.
In concrete examples from the practice of seismic microzonation, the soil model
should be formed based on engineering-geological and geophysical, mainly
seismic prospecting, data. For engineering surveys over sufficiently large areas, it
is advisable to generalize these data in the form of several representative models
of soil conditions. For concentrated objects, one model is sufficient. For each
model, the parameters of seismic impacts are determined according to the stan-
dard method described above, which uses pulsed excitation of vibrations in the
medium model. Each model corresponds to its own individual parameters of
seismic impacts in the form of response spectra, dynamic coefficients or calcu-
lated accelerograms.

The relationship between the soil properties of the foundations of structures
and the parameters of seismic impacts on them using model representations de-
scribed in the book [10] and partially recorded in the latest seismic standards of
Russia [9].

4. Conclusions

Thus, the above model calculations show a complete failure of the classification
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of soils according to the recommendations of the NEHRP. Special attention is
paid to the disadvantages of using the averaged model of soil properties, which is
one of the most important features of the classification under consideration. At
the same time, a number of examples given substantiate the statement about the
uselessness of using the concept of soil classes in general.

Instead of soil classes, the basic concepts of seismic microzonation that deter-
mine the features of engineering and seismological surveys in the studied area, it is
proposed to use the concept of a model of seismic ground conditions that takes
into account all the heterogeneities of the soil massif. A method is proposed to
determine the parameters of seismic impacts that most adequately correspond to

the specific ground conditions of the construction site.
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