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Abstract: Due to its special material composition, formation environment, and special structure,
loess usually shows different engineering and dynamic characteristics from ordinary soil. Based on
previous research results, this paper studies the Haiyuan loess. It is found that: (1) the variation
coefficients of various physical properties (except for the liquid index) of loess in the region are
relatively stable, but the mechanical properties are relatively discrete; (2) the correlation among
natural water content, void ratio, and density is high, but the correlation between mechanical
properties is poor; (3) the consolidation ratio, effective confining pressure, and dynamic shear
modulus ratio change in direct proportion, while the damping ratio changes in the opposite direction
with increasing shear strain; and (4) in this paper, the recommended model of shear wave velocity
and burial depth of loess in the study area is given. Compared with the example, the error is smaller
and more reliable. (5) The characteristic period of the seismic response spectrum of the loess soil
layer is not sensitive to the change in the damping ratio, and the change amplitude is small.
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1. Introduction

Loess is a kind of special soil with unique overhead pores and a cemented structure
that provide strong dynamic flexibility and unique water sensitivity characteristics that are
different from those of ordinary soil. Loess is a typical Quaternary loose sediment that is
widely distributed around the world. The coverage area of loess and loess-like soil accounts
for approximately 2.5% of the global continental area. The most widely distributed, thickest,
and most complicated loess area in the world is located in China, spanning 640,000 km?,
mainly on the Loess Plateau [1-3].

The Loess Plateau is located in the North-South seismic belt and on the northeastern
margin of the Qinghai-Tibet Plateau. The area is characterized by strong neotectonic
movement, high seismic intensity, and a complex geological structure; it is an area prone
to strong earthquakes and is also one of the main areas where major geological disasters
develop. The national standard “China Earthquake Parameter Zoning Map” [4] (GB18306-
2015) shows that areas with a peak ground acceleration of 0.1 g (equivalent to seismic
intensity VII) on the Loess Plateau account for 54.21% of the total plateau area. Several
strong earthquakes in history have caused extremely serious geological disasters, causing
vast economic losses and numerous casualties. With the in-depth recommendations of the
“One Belt, One Road” initiative, the Loess Plateau has become a key area for the strategic
shift of China’s social and economic development centres, and large-scale engineering
construction has emerged [5]. Therefore, studying the dynamic characteristics of loess
provides important scientific significance and application value for improving the level of
engineering construction and avoiding disasters in loess areas.

Collapsibility is a special engineering property of loess. It refers to the phenomenon
that the soil structure is rapidly destroyed and significant additional subsidence and
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liquefaction are caused by water intrusion under a certain pressure. Gao Guoru [3] studied
the mineral composition of loess and found that there is a certain degree of negative
correlation between the mineral content and distribution uniformity of loess and the degree
of collapsibility. Li Baoxiong [6] and others studied Malan loess through in situ tests and
indoor tests, and found that when Malan loess transitioned from a dry state to a natural
water content state, the internal friction angle was relatively reduced, and the cohesion was
relatively increased, which was mutually confirmed by the research results of Amir Akbari
Garakani [7]. Puri [8] and Shannon [9] took loess in the eastern part of the United States
as the research object, conducted indoor dynamic triaxial tests, explored the liquefaction
characteristics of loess in this area, and analysed the impact of the consolidation stress ratio
and other factors on loess liquefaction. Seed [10] explored the liquefaction characteristics
of loess in different regions and believed that when the water content of loess is greater
than 85%, it can be determined that it can be liquefied. By comparing the liquefaction
characteristics of Chinese loess, American loess, and Russian loess, Wang Lanmin and
others [11] found that the liquefaction characteristics of the three kinds of loess are different,
but the residual strain produced by liquefaction can reach approximately 4%. Fattah, M.
Y. team [12,13] studied and analysed the effect of consolidation time on soil deformation.
Mosallamy [14] studied Egyptian loess through tests and found that the effective confining
pressure and water content are factors affecting the dynamic shear modulus and damping
ratio of loess. Wang Qian [15] selected loess from different sites in the Loess Plateau to
conduct indoor dynamic triaxial tests. The research results show that the difference in the
dynamic shear modulus ratio among saturated loess in different regions is small, while the
difference in the damping ratio is large.

Loess is characterized by a diverse genesis process, a complex composition, and a
wide distribution. Additionally, the properties of loess in different regions vary. Since 2015,
the School of Disaster Prevention Science and Technology has conducted systematic and
in-depth investigations of the geological disasters associated with Haiyuan earthquakes
and accumulated considerable amounts of data. Therefore, the loess in the Haiyuan area of
the Ningxia Hui Autonomous Region is selected for analysis in this study.

Data from 40 actual boreholes in the Haiyuan area were obtained and assessed, and
drilling data from 2 boreholes were used as supplements, for a total of 42 borehole data
sets. Through the classification of borehole data and the application of Statistical Product
and Service Solution (SPSS) software, the physical properties and dynamics of the loess in
the Haiyuan area were analysed. Moreover, two different loess models were established to
study different ground motion intensities, and considering the dynamics of parameters, the
difference between the characteristic parameters based on the designed response spectrum
and those under peak acceleration conditions is given, and recommended values are
presented. A comparative analysis indicates that the research results in this paper provide
certain reference significance for further research on the seismic response characteristics of
loess sites.

2. Statistics of Conventional Engineering Indicators
2.1. Overview of Physical and Mechanical Properties

In this paper, various physical and mechanical properties of the loess in the Haiyuan
area are classified and statistically analysed. The results are listed in Tables 1 and 2.

In Table 1, the natural water content refers to the ratio of the mass of water in the
soil to the mass of soil particles in the natural state w and is expressed as a percentage
(%), which is obtained by the common indoor drying method. The void ratio refers to
the ratio of the void mass in the soil to the volume of solid particles, and is an index to
describe the structural characteristics of the soil, expressed by e. Density refers to the
mass of unit volume of soil p is expressed in grams per cubic centimetre (g/cm?), and
is mainly divided into natural density and dry density. The soil mass density in this
paper is the natural density of the soil mass, which is usually measured by the ring knife
method with an internal diameter of 79.8 mm. The liquid limit refers to the boundary water
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content between the plastic state and flowing state wy, and is expressed as a percentage
(%). The plastic limit refers to the boundary water content between the plastic state and
the semisolid state. The wp is expressed as a percentage (%) and is commonly used in
indoor photoelectric liquid-plastic limit joint testing. The liquidity index is an indicator
of the relative relationship between the natural water content and the limit water content,
expressed by I, I = (w —wp)/(wr — wp). The plasticity index is an important index
to characterize the physical properties of fine-grained soil, expressed by Ip, Ip = wp, — wp.
The compression modulus, the ratio of the vertical stress to the total vertical strain of the
soil under the condition of complete lateral deformation, expressed as Eg, in megapascals
(MPa), can be obtained through an indoor compression test. The internal friction angle is
the shear strength line o-7 inclination in the coordinate plane, using ¢, and is expressed in
degrees (°), which can reflect the size of internal friction between particles in the soil mass.
Cohesion refers to the mutual attraction of adjacent parts in the soil mass, expressed in c,
and expressed in kilopascals (kPa). Both are obtained through indoor triaxial consolidated
undrained tests. The meaning of the same symbol in the following is the same.

Table 1. Summary table of physical and mechanical properties.

Maximum  Minimum Average Co\sfﬁ.ae.nt of
ariation
Natural water content (%) 31.97 14.60 21.10 0.09
Void ratio 1.41 0.71 0.96 0.12
Density(g/cm?) 2.09 1.39 1.83 0.10
Liquid limit (%) 38 22 31 0.11
Plastic limit (%) 29 15 22 0.12
Liquidity index 0.84 —0.63 —0.08 1.72
Plasticity index 12.02 8.18 9.13 0.06
Compressive modulus (MPa) 59.00 0.32 17.00 0.61
Cohesion (kPa) 59.60 0.20 28.21 0.58
Internal friction angle (°) 32.10 3.18 22.16 0.30
Table 2. Correlation coefficient table of physical and mechanical properties index.
e p wy, wp I Ip Eg c @
w 0.988 —0.996 0.721 0.715 0.708 0.702 —0.474 0.076 —0.310
e —0.991 0.712 0.799 0.672 0.684 —0.294 —0.060 —0.220
0 —0.716 —0.798 —0.681 —0.664 0.499 —0.076 0.306
wr, 0.734 0.345 0.602 —0.323 —0.107 —0.203
wp 0.130 0.380 —0.299 —0.012 —0.249
I, —0.421 —0.435 0.180 —0.241
Ip —0.335 —0.017 —0.235
Eg 0.306 0.388
c 0.317

In statistics, the coefficient of variation is commonly used to indicate the degree of
dispersion of a set of data. Generally, the larger the coefficient of variation is, the greater
the degree of data dispersion; conversely, the smaller the coefficient of variation is, the
smaller the degree of dispersion. Table 1 shows that except for the liquidity index, the
coefficients of variation of the other physical variables of the loess in the Haiyuan area
are close to approximately 0.10, with a relatively stable trend. Notably, the coefficient of
variation of the plasticity index is the smallest at 0.06, and that of the liquidity index is 1.72,
which is a potential outlier. The coefficient of variation of the mechanical property index is
obviously larger than that of the physical property index. This may be related to the many
complicated factors that affect the mechanical property index, such as the compressive
modulus and viscosity of the soil. The coefficient of variation of cohesion is approximately
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0.60, which is relatively high, and the coefficient of variation of the internal friction angle is
0.30, with a relatively stable trend throughout the study area.

In statistics, the correlation coefficient R is often used to express the correlation between
two variables, according to Formula (1), and it falls within the range of [—1, 1]. A value
of IR close to 1 indicates a high correlation between the two selected variables, and vice
versa as | R| approaches 0. According to the value range of the correlation coefficient, the
correlation degree of two variables can be divided into four cases [16]: when | R falls in
the interval of [0.8, 1], the two variables are highly correlated; when | R| falls in the interval
of [0.5, 0.8), the two variables are moderately correlated; when R falls in the interval of
[0.3, 0.5), the two variables are slightly correlated; and when | R falls in the interval of [0.0,
3), the correlation between the two variables is weak and can be regarded as irrelevant.

ny.xy — Y xyy
Ve — (Ex)%e\/nTy? - (9)

where R is the correlation coefficient; x and y are statistics; and n is the number of
statistical samples.

From Table 2, it is not difficult to find that there is a significant correlation among five
indicators in the Haiyuan area: the natural water content, void ratio, density, liquid limit,
and plastic limit of loess. Among them, the natural water content, void ratio, and density
are highly correlated, and the correlation coefficients are all within the interval of [—0.95,
0.95]. There are moderate correlations among the liquidity index, plasticity index and
natural water content and between the void ratio and density. The liquid limit and plastic
limit display a correlation coefficient of 0.734, which is a moderate correlation. In other
cases, the correlation coefficients between the various physical and mechanical indicators
are all below 0.5, which is a low degree of correlation, with no correlation observed in
some cases.

R= 1)

2.2. Correlation Analysis between Various Physical and Mechanical Properties

In actual analyses, problems such as sudden changes in test conditions, improper
operation of test equipment by personnel, or unstable performance of test instruments
may occur, among other issues. Thus, abnormal data may be obtained. Outliers will
adversely affect the results of data analysis; therefore, the outliers that may exist in data
must be eliminated before statistical analyses are performed [17]. In statistics, significance
testing is often used to determine whether there are outliers in a set of data. The following
methods are commonly used to identify low-probability events and treat them as outliers.
In this paper, the double variance principle based on the normal distribution is used to
screen the physical and mechanical index values of 181 loess samples in the Haiyuan area
and eliminate the abnormal values. The screening results are listed in Table 3. In this
paper, the selected statistics are used to assess the relationships between physical and
mechanical properties.

Table 3. Screening list of abnormal values of physical and mechanical properties.

w e p wr, wp I Ip Eg c P
Samples 181 181 181 181 181 181 181 161 143 143
Outliers 3 7 5 7 5 6 4 4 3 5
Statistics 178 174 176 174 176 175 177 157 140 138

Based on the classification standard of the correlation coefficient, the correlations
among various physical and mechanical indexes of loess in the Haiyuan area are calculated.
Notably, for variables with a correlation coefficient between 0.5 and 1 or —1 and —0.5, with
a medium to high degree of correlation, regression fitting analysis was performed after
outliers were eliminated, and the correlations between different indicators were analysed.
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In this paper, SPSS software(SPSS version 10.0 SPSS Inc., Chicago, IL, USA) is used to
compare the goodness of fit of various regression equations and select the regression
equation with the best regression fitting effect as the recommended fitting model for the
corresponding physical and mechanical indicators. In cases in which the degrees of fitting
are similar, the model with fewer parameters and a simpler form is selected. The relevant
statistical results are listed in Table 4, and the corresponding scatter diagram is shown in
the Appendix A.

Table 4. Analysis of the correlations between indicators.

Regression Equation Goodness of Fit
1 e = 0.0363w — 0.1912 0.98
2 p = —0.0423w +2.7235 0.97
3 wr, = —0.0328w? + 2.0932w — 1.7248 0.71
4 wp = —0.0426w? + 2.448w — 10.252 0.73
5 Ip = 0.0109w? — 0.3862w + 12.229 0.62
6 p = —1.1445¢ 4 2.927 0.98
7 wy, = —27.869¢2 + 74.018¢ — 13.952 0.72
8 wp = —33.007¢2 + 82.306¢ — 26.083 0.74
9 Ip = 5.5698¢> — 8.6936¢ + 12.223 0.59
10 wp = —21.8320% + 62.657p — 10.13 0.71
11 wp = —25.7830% + 78.538p — 34.867 0.73
12 Ip = 5.3413p% — 21.266p + 30.001 0.66
13 wp = 0.7516w; — 1.3876 0.73
14 Ip = 0.0114w? — 0.5579wy, + 15.408 0.71
15 Ip = 0.0143w3 — 0.4886wp + 12.863 0.72

There are usually three methods applied to test the significance of results obtained with
a unary regression equation. In the first approach, a scatter plot with a linear distribution
is established. In the second method, the correlation coefficient of the two regressors is
used. In the third approach, precise mathematical methods are applied for hypothesis
testing, including linear relationship testing (F Test) and regression coefficient testing (t
test) [16,18]. The F test and t test are equivalent in some ways. For example, if there is
a linear relationship between the independent variable and the dependent variable, the
regression coefficient between the two must not be equal to 0. In this study, the F test is
used to assess the significance of the regression equation.

The F test is divided into 3 steps: (1) Propose the hypothesis that the two indicators
are not correlated; (2) Calculate the F statistic; and (3) Determine the significance level
o according to the number of degrees of freedom of the numerator (in this case, 1) and
the denominator n — 2, as obtained from the F distribution table) to calculate Fx. If F is
greater than Fo(1, n — 2), then the null hypothesis is rejected; that is, the two indicators are
considered to be correlated. If F is less than Fx(1, n — 2), then the original hypothesis is not
rejected, which means that there is no correlation between the two indicators.

In this paper, under the condition that the significance levels « are 0.05, 0.01, and 0.001,
the hypothesis test is performed on the fitting formulas in Table 4, and the F value of each
fitting formula is calculated and compared with the corresponding Fox in the F distribution
table. The results show that there are correlations between the physical and mechanical
properties in Table 4. For details, see Table 5.

In statistics, when F is greater than Fo(1, n — 2), the regression effect of the fitting
formula is considered significant [19]. When « = 0.05, the regression effect is considered
mildly significant; when o = 0.01, the regression effect is considered significant; and when
oc = 0.001, the regression effect is considered extremely significant. The above method was
used to test the regression effect of each fitting formula in Table 4, and the results show
that FIp-w, Fl; -p, and Flp-p are all greater than F g5 but less than Fy 1; therefore, the data
regression effect is significant. Additionally, FIj -e is greater than Fy; but less than F0.001,



Sustainability 2023, 15, 5428

6 of 18

reflecting a significant regression effect. The F values in other cases are greater than Fo oo,
and the regression effect is extremely significant.

Table 5. Correlation test results between physical and mechanical properties.

Number Samples F Foa(ox = 0.05) Foa(ox =0.01) Fo(ax =0.001)
1 e-w 173 984.17 3.90 6.79 11.21
2 p-w 176 978.62 3.90 6.78 11.20
3 wr-w 175 59.93 3.90 6.78 11.21
4 wp-w 173 87.90 3.90 6.79 11.21
5 Ip-w 176 5.60 3.90 6.78 11.20
6 o-e 173 962.96 3.90 6.79 11.21
7 wr-e 171 59.54 3.90 6.79 11.22
8 wp-e 175 103.04 3.90 6.78 11.21
9 Ip-e 171 8.97 3.90 6.79 11.22
10 wL-p 175 14.99 3.90 6.78 11.21
11 wp-p 174 31.82 3.90 6.78 11.21
12 Ip-p 172 51.79 3.90 6.79 11.21
13 wL-wp 171 4.07 3.90 6.79 11.22
14 Ip-wy, 175 6.08 3.90 6.78 11.21
15 Ip-wp 173 83.12 3.90 6.79 11.21

By comparing the goodness of fit and statistical results for various fitting formulas, it
is found that there is a proportional relationship between the two types of properties. The
closer the goodness of fit is to 1, the stronger this relationship is.

3. Dynamic Shear Modulus Ratio and Damping Ratio
3.1. Influencing Factors of Dynamic Shear Modulus Ratio and Damping Ratio

There are many factors that influence the dynamic shear modulus ratio and damping
ratio in laboratory tests. In addition, the consolidation time, consolidation ratio, and
effective confining pressure of the soil sample will all affect the test results [20]. In response
to this problem, the loess in the Haiyuan area is selected to conduct indoor dynamic
triaxial tests to study the effects of the consolidation time, consolidation ratio, and effective
confining pressure on the dynamic shear modulus ratio and damping ratio of loess. It has
been verified by experiments that the consolidation time has little effect on the dynamic
shear modulus ratio and damping ratio of loess, so only the effect of the consolidation ratio
and effective confining pressure are discussed.

The experimental device used was the electrohydraulic servocontrolled bidirectional
dynamic triaxial instrument produced by the American GCTS company, model STX-200,
which can provide load control or displacement control for the cyclic loading of samples.
The basic parameters of the instrument are as follows: the maximum axial loading force is
100 kN, the maximum axial loading frequency is 10 Hz, the standard confining pressure
safety value is 1000 kPa, the axial strain range is 10~ to 1072, and the sample diameters
are 38 mm, 50 mm, and 70 mm.

Test steps: (1) Considering the effect of the consolidation ratio, under the conditions
of a consolidation time of 4 h and an effective confining pressure of 200 kPa, two loess
samples with consolidation ratios of 1.0 and 1.5 were selected to compare the difference
between the dynamic shear modulus ratio and damping ratio. (2) Considering the influence
of the effective confining pressure, under the conditions of a consolidation time of 4 h and
a consolidation ratio of 1.0, two effective confining pressures of 200 kPa and 400 kPa were
selected for the loess samples to compare the differences in the dynamic shear modulus
ratio and damping ratio.

In Figure 1, G/Gmax refers to the dynamic shear modulus ratio; A is the damping
ratio; -y is the dynamic shear strain; K¢ is the consolidation ratio; and o3 refers to the
consolidation pressure, in kPa. The meaning of the same symbol in the following is the
same as that in Figure 1.
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Figure 1. G/Gnax-Y and A-y curves with different consolidation ratio conditions.

Figures 1 and 2 show the changes in the dynamic shear modulus ratio and damping
ratio of loess under different consolidation ratio and effective confining pressure conditions.
Notably, (1) the dynamic shear modulus ratio is proportional to the consolidation ratio
and the effective confining pressure and increases with increasing consolidation ratio and
effective confining pressure. (2) The influence of the damping ratio is more complicated.
When the shear strain is lower than 0.0005, the damping ratio is inversely proportional
to the consolidation ratio, and when the shear strain is higher than 0.0005, the damping
ratio is directly proportional to the consolidation ratio. When the shear strain is lower
than 0.0003, the damping ratio is inversely proportional to the effective confining pressure;
when the shear strain is higher than 0.0003, the damping ratio is directly proportional to
the effective confining pressure.
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8x107
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Figure 2. G/Gnax-y and A-y curves with different effective confining pressure conditions.

3.2. Statistical Results

In this paper, 40 measured borehole data points in the Haiyuan area are supplemented
with 2 borehole drilling data points. A total of 42 borehole data points are sorted and
analysed, and the ranges of the dynamic shear modulus ratio and damping ratio of loess in
the study area are calculated (see Table 6 and Figure 3 for details).

Table 6. Dynamic shear modulus ratios and damping ratio ranges.

Shear Strain (x10—4)

Parameter
0.05 0.1 0.5 1 5 10 50 100
Mo G/ Gumax 0.9986 0.9967 0.9804 0.9611 0.8360 0.7179 0.3372 0.2030
aximum A 0.0253 0.0283 0.0707 0.0991 0.1780 0.2069 0.2377 0.2422
Ming G/ Gumax 0.9643 0.9316 0.7707 0.6500 0.3069 0.2003 0.0616 0.0355
mimum A 0.0041 0.0081 0.0253 0.0350 0.0809 0.1022 0.1108 0.1201
Average G/ GCmax 0.9886 0.9806 0.9170 0.8593 0.6123 0.4764 0.1919 0.1099
8 A 0.0081 0.0132 0.0425 0.0667 0.1351 0.1575 0.1840 0.1892
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Table 7 gives a list of abnormal values of the dynamic shear modulus ratio and
damping ratio of the loess in the Haiyuan area. After removing the possible outliers, SPSS
software was used to analyse the relations between the shear strain, the dynamic shear
modulus ratio, and damping ratio of the loess in the Haiyuan area. Regression fitting was
performed, and the results are shown in Figure 4 and Table 8.

Table 7. Abnormal value table of dynamic shear modulus ratios and damping ratios.

Samples Outliers Statistics
71 2 69
1x10° "J;“ ! . | l I
4 |

8x10” |- i

6x107

G/G yax
o0 o o
W%)
‘\t
[ 1] '1 [ ] L]
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Figure 4. Fitting curves of dynamic shear modulus ratios and damping ratios with shear strains.

Table 8. Correlation table of dynamic shear modulus ratio and damping and shear strain.

Regression Equation Goodness of Fit

1 & = —0.07181g(7)* — 0.80631g(7) — 1.2584 0.88
A = —0.00081g(7)? + 0.05551g() + 0.3145 0.87

Through calculations, we obtained the fitting values between the shear strain of loess
and the dynamic shear modulus ratio and damping ratio in the Haiyuan area. Details are
shown in Table 9.

Table 9. Recommended values of dynamic shear modulus ratio and damping ratio with shear strain.

Shear Strain (x10—4)

Parameter
0.05 0.1 0.5 1 5 10 50 100
G/ Gmax 0.9982 0.9781 0.8813 0.8180 0.6208 0.5143 0.2168 0.0670
A 0.0071 0.0255 0.0677 0.0857 0.1268 0.1443 0.1843 0.2013
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4. Shear Wave Velocity

Shear wave velocity is one of the important parameters in soil seismic response
analysis, and it is also an important index for site division. Different site types have
different platform values and characteristic periods of design response spectra [21,22]. The
shear wave velocity in the soil is generally obtained from onsite borehole wave velocity
tests. These include the single-hole method, cross-hole method, and surface wave method.

The single-hole method has the advantages of fast test speed, low cost, simple test
method, and convenient model establishment and calculation, but this method requires
artificial excitation and limited energy transmission to the deep soil layer and is greatly
affected by human error. The cross-hole method generally requires two or more boreholes.
Generally, one borehole is excited first, and the other borehole is received. The trigger
device and the signal receiving device maintain the same horizontal height. Since the
cross-hole method has high requirements for instrument layout, borehole verticality, and
borehole location, this method is rarely used in engineering to test shear wave velocity.
The surface wave method has the advantages of high resolution, wide application, and
less impact by the site environment. However, the surface wave method requires more
measuring points. In addition, the greater the test depth is, the larger the range of the
instrument layout, and the later data processing is more complex. Therefore, at present, the
single hole method is still the most common method for testing shear wave velocity in the
engineering field.

This paper collects the seismic safety evaluation report and the measured borehole
data in the study area, and the ranges of the loess shear wave velocity and burial depth in
the Haiyuan area are determined, as shown in Table 10 and Figure 5. Then, SPSS software
is used to establish the optimal correlation model.

Table 10. The range of shear wave velocity and depth.

Buried Depth (m) Shear Wave Velocity (m/s)
Range Correlation Range Average Coefficient of
8 Coefficient & & Variation
1.0-22.0 0.84 151.0-388.8 269.14 0.12

Shear wave velocity (m-s~!)
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Figure 5. Shear wave velocity and buried depth scatter plot.

Table 10 and Figure 5 show that the coefficient of variation of the shear wave velocity
of loess in the Haiyuan area is 0.12, which is relatively stable; additionally, the correlation
coefficient between the shear wave velocity and burial depth is 0.84, which reflects a
high correlation.

4.1. Determination of the Fitted Mode

The abnormal values in the statistical sample data were identified (Table 11), and after
removing the possible abnormal values, the correlation between the shear wave velocity
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and the buried depth of the loess in the Haiyuan area was further analysed. SPSS software
was used to select multiple fitting equations to perform a fitting analysis of the loess data in
Figure 5, and fitting equations and the goodness of fit were obtained for different regression
models, as listed in Table 12.

Table 11. Shear wave velocity abnormal value table.

Samples Outliers Statistics

181 6 175

Table 12. Comparison of fitted models.

Model Goodness of Fit Model Goodness of Fit
Linear 0.77 Cubic function 0.82
Logarithmic 0.67 Power exponential 0.68
Quadratic function 0.82 Index 0.73

As shown in Table 12, the fitting effects of the quadratic function model and the cubic
function model are both good, and the goodness of fit of the two models is the same. These
models are based on a simple modelling principle. The quadratic function is selected for
fitting the correlation between the shear wave velocity and the buried depth of the loess
in the Haiyuan area, and the fitting formula is Vs = —0.0017H? + 9.0789H + 181.23. The
goodness of fit is 0.82.

4.2. Instance Verification

To verify the accuracy and reliability of the recommended regression model in this
article, two measured borehole data points from an engineering project in the Haiyuan area
are selected as examples to assess the prediction results of the recommended regression
model of the shear wave velocity. The corresponding error value for each layer is given
in Tables 13 and 14. It should be noted that only the regression model of the correlation
between the shear wave velocity and the buried depth of the loess in the Haiyuan area
is discussed in this section; therefore, only the loess data from the example boreholes are
selected for verification.

Table 13. Example 1: Shear wave velocity prediction.

Model of This Paper
Buried Depth Soil Shear Wave Caleulated
(m) Velocity (m/s) Error (%)
Value (m/s)
1.0 Loess 197.0 190.3 3.4
2.0 Loess 211.0 199.4 5.5
3.0 Loess 203.0 208.5 2.7
4.0 Loess 213.0 217.6 2.1
5.0 Loess 215.0 226.7 5.4
6.0 Loess 221.0 235.8 6.7
7.0 Loess 227.0 2449 7.9
8.0 Loess 239.0 254.0 6.3
9.0 Loess 244.0 263.1 7.8
10.0 Loess 251.0 272.2 8.4

As shown in Tables 13 and 14 and Figure 6, for the loess in the Haiyuan area, the
difference between the predicted shear wave velocity given by the recommended model
and the measured shear wave velocity is small, and the error is less than 10%. This finding
indicates that the recommended model can effectively predict the shear wave velocity of
loess in the Haiyuan area, and the calculation results are relatively reliable and acceptable.
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Table 14. Example 2: Shear wave velocity prediction.
Model of This Paper
Buried Depth (m) Soil Shea.r Wave
Velocity (m/s) Calculated Value (m/s) Error (%)
1.0 Loess 182.0 190.3 4.6
2.0 Loess 189.0 199.4 5.5
3.0 Loess 192.0 208.5 8.6
4.0 Loess 200.0 217.6 8.8
5.0 Loess 207.0 226.7 9.5
6.0 Loess 217.0 235.8 8.6
7.0 Loess 226.0 2449 8.3
8.0 Loess 234.0 254.0 8.5
9.0 Loess 241.0 263.1 9.2
10.0 Loess 248.0 272.2 9.8
11.0 Loess 260.0 281.3 8.2
12.0 Loess 282.0 290.4 3.0
13.0 Loess 299.0 299.5 0.2
300 - 350

- Example 1 ~ Example 2

2 as0f 7 30

- £

5 - 250

< 200f o %

> =t

¢ E 200

§ 150 —o— Measured wave velocity % 1501

@ —e— Model results in this paper E —o— Measured wave velocity

2] —e— Model results in this paper
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0 3 6 9 12 15 0 3 6 9 12 15

Buried depth (m) Buried depth (m)

Figure 6. Comparison of the model and measured data in this paper.

5. Earthquake Response Analysis
5.1. Single Uniform Soil Layer Profile

In this paper, a single loess layer model is established, and the El Centro wave is
selected for amplitude modulation. The amplitude of the seismic wave is adjusted to
0.05g,0.1g,0.2g,and 0.4 g (seismic waves A, B, C, and D, respectively,) corresponding to
different earthquake magnitudes. The acceleration time history of the seismic intensity is
considered, with intensities of VI, VII, VIII, and IX. Data for the first 15 s, which include
strong ground motions, are processed with the SOILQUAKE program to quantitatively
analyse the dynamic shear modulus ratio, damping ratio, and shear wave velocity. Then, the
degrees of influence on the characteristic period and plateau value of the design response
spectrum are determined. According to the needs of the seismic response calculations for
different soil layers, Tables 15 and 16 give the required soil layer parameters.

Table 15. List of soil physical and mechanical parameters.

Loess Bedrock
Buried depth(m) 10
Shear wave velocity(m/s) 270 500
Density(g/cm?) 1.83 2.20

Table 16. List of dynamic shear modulus ratios and damping ratios.

Shear Strain (x10—4)

Soil Parameter
0.05 0.1 0.5 1 5 10 50 100
L G/ Gmax 0.9982 0.9781 0.8813 0.8180 0.6208 0.5143 0.2168 0.0670
oess A 0.0071 0.0255 0.0677 0.0857 0.1268 0.1443 0.1843 0.2013
Bedrock G/ Gmax 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
edroc A 0.0040 0.0080 0.0100 0.0510 0.0210 0.0300 0.0360 0.0460
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Seven groups of values that change from a maximum to a minimum of the dynamic
shear modulus ratio, damping ratio, and shear wave velocity of the loess in the Haiyuan
area are selected to replace the corresponding values in Table 16. Figure 7 shows the results
for the dynamic shear modulus ratio and damping ratio. Table 17 gives the results for the
shear wave velocity.

1x10° -
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—b— Seventh set of data(Minimun value)
z s
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X
R

M%)

4x10”

210"

i L
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Figure 7. Loess grouping curves.

Table 17. List of special soil shear wave velocity grouping (m/s).

Soil One

Two Three Four Five Six Seven

Loess 180

210 240 270 300 330 360

In the SOILQUAKE soil layer response analysis software, the time step is 0.02 s, the
acceleration unit is gal, the input peak amplitude modulation is half of the proportional
amplitude modulation, the calculated seismic response spectrum is calibrated with a differ-
ential evolution algorithm, and the design response is output. The spectral characteristic
parameters and the calculation results are shown in Figures 8-10.
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Figure 8. Characteristic periods and platform values for different dynamic shear modulus ratios.
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Figure 10. Characteristic periods and platform values for different shear wave velocities.

In Figure 8, T'g refers to the characteristic period of seismic response spectrum, unit: s;
B refers to the platform value of the seismic response spectrum. The meaning of the same
symbol in the following is the same as that in Figure 8.

In Figures 8-10, the following trend can be observed: When the input ground motion
intensity is constant, the characteristic period of the loess design response spectrum is
inversely proportional to the dynamic shear modulus ratio and the shear wave velocity
but does not respond to changes in the damping ratio. In terms of sensitivity, the platform
value is proportional to the dynamic shear modulus ratio and the shear wave velocity
and inversely proportional to the damping ratio. When the local vibration parameters are
held constant, the characteristic parameters of the loess vary in proportion to the input
seismic intensity; that is, the stronger the intensity is, the larger the characteristic period
and platform value.

5.2. Actual Soil Profile

To further research the dynamic responses of loess sites, the measured borehole data
from typical sites in the Haiyuan area and Liuzhou area are selected to establish a soil layer
seismic response analysis and calculation model. Tables 18 and 19 give the required soil
layer parameters used in the calculations.

Table 18. List of soil physical and mechanical parameters.

Loess Gravel Soil Mudstone
Thickness(m) 22 18
Buried depth(m) 22 40
Shear wave velocity(m/s) 270 459 800
Density(g/cm?) 1.83 2.02 2.40
Table 19. List of dynamic shear modulus ratios and damping ratios.
Shear Strain (x10—%)
Soil Parameter
0.05 0.1 0.5 1 5 10 50 100
L G/ Gmax 0.9850 0.9750 0.8580 0.7540 0.4170 0.2850 0.0950 0.0360
oess A 0.0050 0.0090 0.0260 0.0400 0.0950 0.1170 0.1480 0.1590
Gravel G/Gmax 0.9900 0.9700 0.9000 0.8500 0.7000 0.5500 0.3200 0.2000
Soil A 0.0040 0.0060 0.0190 0.0300 0.0750 0.0950 0.1100 0.1200
Mud G/ Gmax 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
udstone A 0.0040 0.0080 0.0100 0.0510 0.0210 0.0300 0.0360 0.0460




Sustainability 2023, 15, 5428

14 0f 18

In this paper, the actual soil profile is used in the model, El Centro waves of different
intensities are applied as input ground motions, and the maximum, minimum, average,
and recommended values of the dynamic shear modulus ratio and damping ratio of
loess are compared. The dynamic shear modulus ratio and damping ratio values are
given in Figure 9 based on repeated statistical fittings and are hereinafter referred to as
“recommended values.” Measured values refer to the actual dynamic shear modulus ratios
and soil layer parameters measured in borehole sections. The damping ratios are compared,
and the peak acceleration and design response spectrum characteristic parameters are
compared and analysed. Finally, the proposed value table of the dynamic shear modulus
ratio and damping ratio of the loess in the Haiyuan area is given. Table 20 shows a list of
values of the dynamic shear modulus ratio and damping ratio for specific soils.

Table 20. List of dynamic shear modulus ratios and damping ratios.

Shear Strain (x10—%)

Parameter
0.05 0.1 0.5 1 5 10 50 100

Measured G/ Gmax 0.9850 0.9750 0.8580 0.7540 0.4170 0.2850 0.0950 0.0360
Value A 0.0050 0.0090 0.0260 0.0400 0.0950 0.1170 0.1480 0.1590
Maximum G/ Gmax 0.9986 0.9967 0.9804 0.9611 0.8360 0.7179 0.3372 0.2030
Value A 0.0253 0.0283 0.0707 0.0991 0.1780 0.2069 0.2377 0.2422
Average G/Gmax 0.9886 0.9806 0.9170 0.8593 0.6123 0.4764 0.1919 0.1099
Value A 0.0081 0.0132 0.0425 0.0667 0.1351 0.1575 0.1840 0.1892
Minimum G/Gmax 0.9643 0.9316 0.7707 0.6500 0.3069 0.2003 0.0616 0.0355
Value A 0.0041 0.0081 0.0253 0.0350 0.0809 0.1022 0.1108 0.1201
Recommended5/ Gmax 0.9982 0.9781 0.8813 0.8180 0.6208 0.5143 0.2168 0.0670
Value A 0.0071 0.0255 0.0677 0.0857 0.1268 0.1443 0.1843 0.2013

SOILQUAKE is used to perform grouping calculations. The time step is 0.02 s, the
acceleration unit is gal, and the peak amplitude modulation of the input ground motion
acceleration is half of the proportional amplitude modulation. The seismic response
spectrum obtained is calibrated with a differential evolution algorithm. The calculation
results are listed in Table 21.

Table 21. List of deviations between the values of different kinetic parameters and the results given
by the measured values.

Earthquake Average Maximum Minimum Recommended

Intensity Value Value Value Value

0.05g —0.02 —0.02 —0.02 —0.02

Characteristic 0.1g —0.02 —0.06 0.04 —0.02
period 0.2g —0.02 —0.04 0.02 0.00
0.4g 0.02 0.02 0.06 0.02

0.05g 0.05 0.05 0.05 —0.04

Platform 0.1g —0.06 —0.02 —0.02 —0.08

value 0.2g —0.01 0.05 0.02 —0.03
0.4g 0.02 0.17 0.02 0.03

0.05g —0.05 —0.03 0.02 —0.03

Peak 0.1g 0.01 —0.02 0.02 —0.02

acceleration 0.2g 0.03 0.04 —0.04 —0.04
0.4g 0.00 0.00 0.01 0.01

Table 21 shows that for different dynamic parameter values, the deviation between
the peak acceleration and the characteristic parameters of the design response spectrum is
generally between -10% and 10%, and the deviation from the actual measured values is
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typically small. Therefore, in the absence of measured data, the minimum values of the
dynamic parameters of loess based on statistical ranges should not be used in calculations;
notably, as the input seismic intensity increases, the deviation value will also increase. If the
actual project is located in an area where the seismic intensity is high (degrees VIII and IX)
and loess is present, the dynamic parameters of the loess layer should not be statistically
estimated, and the corresponding values should be obtained through experiments.

According to the deviation in peak acceleration for different dynamic parameter
values and for characteristic parameters of the design response spectrum established from
actual measured values, the recommended values of the dynamic shear modulus ratio
and damping ratio of the loess in the Haiyuan area are given, as shown in Table 22 and
Figure 11.

Table 22. List of recommended kinetic parameters.

Parameter

Shear Strain (x10—4)

0.05 0.1 0.5 1 5 10 50 100
G/ Gmax 0.9886 0.9806 0.9170 0.8593 0.6123 0.4764 0.1919 0.1099
A 0.0081 0.0132 0.0425 0.0667 0.1351 0.1575 0.1840 0.1892
1x10° T T 25
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Figure 11. Suggested curves of the dynamic shear modulus ratio and damping ratio with shear strain.

6. Conclusions

In this paper, the physical and mechanical properties, dynamic characteristics, and
seismic response characteristics of the loess in the Haiyuan area are explored based on an
established set of loess data. The results are as follows.

(1) Based on the statistical analysis of the physical and mechanical properties of loess in
the Haiyuan area, all indicators basically conform to the existing understanding of
loess. Except for the liquid indeXx, the coefficient of variation of each physical property
index is less than 0.2, which is relatively stable, and the coefficient of variation of each
mechanical property index is more than 0.5, which is relatively discrete.

(2) The correlation between various physical and mechanical properties of loess in the
Haiyuan area was analysed. The results showed that there was a significant correlation
between the five indicators of physical properties, including natural water content,
void ratio, density, liquid limit, and plastic limit. The absolute value of the correlation
coefficient between the natural water content, void ratio, and density was above 0.95,
which was highly correlated. The correlation coefficient between the liquid limit and
plastic limit was 0.734, which was moderate. In other cases, the correlation coefficient
between various physical indicators was below 0.5, and the correlation was poor.
In terms of mechanical properties, the absolute value of the correlation coefficient
between the cohesion internal friction angle and compression modulus was between
0.3 and 0.4, indicating a low correlation.

(8) The influence of the consolidation ratio and effective confining pressure on the dy-
namic shear modulus ratio and damping ratio of loess was analysed by using a
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dynamic triaxial test in the laboratory. The results show that the dynamic shear modu-
lus ratio increases with increasing consolidation ratio and effective confining pressure;
the damping ratio was different. When the shear strain was lower than 0.0005, the
damping ratio was inversely proportional to the consolidation ratio. When the shear
strain was higher than 0.0005, the damping ratio was directly proportional to the
consolidation ratio; when the shear strain was lower than 0.0003, the damping ratio
was inversely proportional to the effective confining pressure. When the shear strain
was higher than 0.0003, the damping ratio was directly proportional to the effective
confining pressure.

(4) Through statistical analysis, this paper gives a recommended fitting model for the
correlation between shear wave velocity and buried depth of loess soil in the Haiyuan
area and selects two measured borehole data points in the area to verify the accuracy
and reliability of the recommended model. The results show that the predicted shear
wave velocity of the model recommended in this paper was close to the measured
shear wave velocity, and the error was less than 10%.

(5) A single loess soil layer model is established, and the effects of different dynamic
shear modulus ratios, damping ratios, shear wave velocities, and different strength
ground motions on the characteristic period of the design response spectrum and
platform value are compared using the SOILQUAKE program. The results show that
the characteristic period was inversely proportional to the dynamic shear modulus
ratio and the shear wave velocity and was directly proportional to the input ground
motion intensity; it was insensitive to the change in the damping ratio, and the
change amplitude was less than 3%. The platform value is directly proportional to the
dynamic shear modulus ratio, shear wave velocity, and input ground motion intensity,
and inversely proportional to the damping ratio.

Due to its special material composition, formation environment, and special structure,
loess usually shows different engineering and dynamic characteristics from ordinary soil.
China is one of the countries with the most serious earthquake disasters in the world.
Loess developed in high-intensity areas can sometimes cause serious earthquake disasters.
Therefore, it is of great practical significance to study the dynamic characteristics of loess
for engineering construction and disaster prevention in the loess area. Based on the test and
data collection, this paper establishes a database of the physical and mechanical parameters
of loess to provide data support for the study of loess engineering characteristics. Based
on the database data, the characteristics of the conventional physical and mechanical
properties of loess are statistically analysed, and the relationship between the physical
and mechanical properties of loess is established, which provides convenience for the
application of loess engineering. At the same time, based on the test and collected data,
the dynamic characteristics of loess are studied, the dynamic parameters of loess in typical
areas are given, and the variation in shear wave velocity with depth is calculated, which
provides a reference for the seismic response analysis of soil layers in loess areas. Finally,
using the method of soil layer seismic response analysis, the difference in the dynamic
response of loess is compared and studied. Based on the research results of this paper, the
recommended values of parameters related to the dynamic response calculation of loess
are given, which enrich the research results of the dynamic parameters of soil.
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