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Abstract: A comprehensive compaction technology combining layered compaction by
vibratory rollers and interlayer heavy tamping is proposed and applied to an embankment
project to improve the compaction effects of high loess embankments. The compression
characteristics of the highly compacted soil layers after re-tamping are investigated through
soil mechanics tests and onsite settlement monitoring. The results of the soil mechanics tests
show that the working mechanism of heavy tamping is a re-compacting effect. After the
heavy tamping after layered rolling, the degree of compaction and compression modulus
are greatly improved and change periodically with filling depth since tamping is conducted
approximately every 3 m of filling. Compared with the condition of layered rolling using
rollers only, the compression modulus was improved by 50–100% with comprehensive
compaction, and the settlement of the fill body can be reduced by nearly 40%. The com-
prehensive compaction technology can be used to effectively reduce post-construction
settlement and shorten the post-construction settlement period for the loess-filled high
embankment. The post-construction settlement follows a logarithmic relationship with
time. Therefore, a corresponding prediction formula for the post-construction settlement
is proposed.

Keywords: loess fill; embankment; compaction; heavy tamping; post-construction
settlement compression

1. Introduction
A great number of filled high embankments have been constructed in loess areas with

the rapid development of modern roads. These embankments are commonly featured in
remote road construction sites and involve non-selectable materials. Generally, only local
loess can be applied as a filling material. Meanwhile, because of the increase in vehicle
carrying capacity and demand for high-speed driving in modern society, more stringent
requirements have been proposed for the compaction quality of high embankments to
satisfy stability and post-construction settlement requirements [1,2]. The latter requirement
is stricter and requires much more attention on controlling the settlement of filled high
embankments [3,4]. As generally believed, the total post-construction settlement of filled
high embankments includes two parts: the first is the compression settlement of the filling
body itself, and the second is the compression settlement of the natural foundation under
the filling body. Which part is more significant is related to multiple factors, such as
the engineering nature of the natural foundation, the construction technology, and the
degree of compaction and height of soil filling. Tang et al. [5] calculated the settlement
and deformation principles of embankments with different heights when the compression
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modulus of the filling body is similar to the compression modulus of the natural foundation.
The results showed that the proportion of the settlement of the embankments themselves
compared with the total settlement apparently increases with the increasing embankment
height. Meng [6] pointed out, through the field settlement monitoring of two large loess
high embankments on loess foundation soils with intermediate compression characteristics,
that the post-construction settlement of the filling body was between two-thirds and
three-quarters of the total post-construction settlement. Controlling the post-construction
compression settlement of the filling body itself must be the focus in embankment projects
with larger filling heights. Thus, the construction methods and compaction technology
used for the filling body are extremely important [7].

In addition to mechanical compaction methods, other soil improvement techniques
have also been widely explored in recent studies. For example, Buathong, P. et al. [8]
demonstrated that reinforcing cement-treated sand with palm fiber significantly improved
its compressive strength, ductility, and toughness, especially when optimal fiber content
and length were used. Similarly, Chompoorat, T. et al. [9] investigated the stabilization of
dredged lakebed sediments using cement and fly ash, and confirmed their applicability
in road base construction as a sustainable alternative to conventional fill materials. These
studies reflect the diversity of soil stabilization technologies, including fiber reinforcement
and chemical stabilization. However, limited attention has been given to improving
compaction effects through optimized mechanical methods for loess embankments.

In traditional construction methods of filled high embankments [10–13], vibratory or
impact rollers are applied to roll the soil in layers. Larger overall and differential settlement
occurs in the embankment because of the use of a single compaction method and bad
compaction effects. Therefore, such methods require a longer reserved settlement period
upon the completion of the embankment construction, such that the pavement construction
is only available after further consolidation settlement of the filled embankment soil, mak-
ing it seemingly impossible to satisfy demanding deadlines in urgent road projects [14].
Unfortunately, in prior studies on high fills, there was little exploration of efficient com-
paction methods suitable for high-fill embankments and the compaction characteristics
of fill bodies under such methods. A kind of comprehensive compaction technology suit-
able for loess-filled high embankments is proposed to enhance the compaction effects in
embankments, effectively reduce the post-construction settlement, and shorten the consoli-
dation settlement period. Meanwhile, in combination with the engineering application, soil
mechanics tests and post-construction settlement monitoring were performed to investigate
the compression characteristics of the filling body and provide reliable tests and theoretical
evidence for similar projects.

2. Materials and Methods
This section describes the proposed comprehensive compaction technology and the

experimental plan.

2.1. Proposal for Comprehensive Compaction Technology

Strict construction procedures are essential in constructing filled high embankments,
and the filling materials are controlled to be compacted at the optimal moisture content to
achieve greater density. When traditional rollers are used to roll loess filling materials in
layers, large settlement can still occur even if the compaction is strictly conducted according
to relevant specifications and standards. Table 1 presents several filled high embankment
projects in which rollers were applied to compact loess filling materials in layers and the
resulting post-construction settlement of the filling body [15,16]. The table shows that
under the condition of stringent construction control, the post-construction settlement of
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the filling body is approximately 1% of the fill height (0.5% at the minimum). In some
major road projects, such settlement is too large to be acceptable.

Table 1. Statistics of the post-construction settlement for some high-filling projects.

Project Name Height of Fill (m) Filling Type
Post-Construction
Settlement of the

Filling Body (mm)

Settlement
Value/Height

of Fill

A loess-filled high embankment in
the Jining–Fengzhen section of

freeway 208
11.45 Loess 64.53 0.56%

A loess-filled high embankment in
Shanxi Province 24.8 Loess 135.9 0.5%

A loess-filled high embankment in
Gansu Province 24 Loess 390 1.6%

A comprehensive compaction technology for loess-filled high embankments, which
combines layered compaction using vibratory rollers and interlayer heavy tamping, is
proposed to enhance the compaction effects of soil fills. Specifically, (1) vibratory rollers are
first applied to compact fills in lifts of 0.3 m, then (2) heavy tamping is applied for further
enhancement for each compacted layer of approximately 3 m. The construction procedures
are repeated until the embankment is completed.

2.2. Trial Application

The proposed comprehensive compaction technology was first applied to a filled high
embankment project at Yanjiafeng, Taiyuan. The Yanjiafeng filled high embankment is a
section of the Taihang Road Project in Taiyuan, located between milestones K4 + 000 and
K4 + 360. The site features an obvious topographic relief, and the geomorphic unit of the
site is a loess hilly region. The original soil of the road foundation is loess with intermediate
compression characteristics. The loess (Q3) near the site was applied as the filling material
for the filled high embankment because of the large filling amount and the remote location.
The loess was brownish yellow, with silty soil as the main component. The loess was
slightly wet and dense. Table 2 lists its basic physical and mechanical properties. Due to the
favorable geotechnical properties of the natural foundation beneath the embankment, no
reinforcement measures were required. Figure 1 shows the location of the projects analyzed.

Table 2. Physical and mechanical properties of the filling soil.

Physical Index Percentage of
Moisture (%)

Natural Density
(kg/m3)

Liquid Limit
WL (%)

Plastic Limit
WP (%)

Average value 17.14 1.62 × 103 24.09 14.55

The construction procedure of the comprehensive compaction technology applied in
the project is as follows. First, layered rolling refers to the layered compaction of filled loess
of each lift using the vibratory rollers. The rolling parameters were determined as follows
according to past construction experiences: 18 t vibratory rollers were applied to roll at a
speed of 4 km/h, and the thickness of each lift must not exceed 0.3 m. The control moisture
content and deviation were determined through the compaction tests.
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Figure 1. Location map of the projects analyzed.

Second, heavy tamping was conducted each time the compaction reached a certain
thickness. The major heavy tamping parameters included single-tamping energy and
effective consolidation depth, which can be initially determined according to the Menard
formula [17,18] and the local engineering experience. After optimization analysis, the
single-tamping energy was determined as 500 kN·m, which is a value often used in projects.
The effective consolidation depth was 3 m. Specific construction parameters are as follows:
tamping hammer weight, 50 kN; falling distance, 10 m; heavy tamping layer thickness, 3 m.
The heavy tamping was performed at rectangle grid points, and a pitch of approximately
1.6 times of the hammer diameter was applied. Figure 2 presents the distribution of the
tamping points in the tamping region. Tamping was conducted three times, including the
first time for the No. 1 major-tamping point, the second time for the No. 2 sub-tamping
point, and the final time for full tamping. The termination criteria for each tamping layer
include the following: (1) after reaching a certain number of tamps, the average tamping
settlement of the final two tamps shall be smaller than 20 mm; (2) no excessive heave occurs
surrounding the tamping pit, and (3) no excessively deep tamping pits form and affect the
tamping operation.
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Figure 3a depicts the construction site photo of the layered rolling of the Yanjiafeng
filled high embankment. Figure 3b shows the construction site photo of heavy tamping.
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2.3. Soil Mechanics of Filling Soil

Figure 4 illustrates a longitudinal cross section of the Yanjiafeng filled high embank-
ment. The maximum filling height of the embankment was 30 m, located at K4 + 050.
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During the construction process of the Yanjiafeng filled high embankment, soil samples
were extracted onsite, and laboratory tests such as compaction tests and consolidation
compression tests were conducted. The soil sample extraction was a critical link, and the
relevant methods are described below.

The comprehensive compaction technology applied in this project refers to the re-
peated construction of heavy tamping at each 3 m layer of fill being rolled. Therefore,
upon construction completion for each 3 m thick filling layer, its physical and mechanical
characteristics were the same. Two soil filling layers (6 m thick) were taken for relevant
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experiments. These layers represent the compaction and compression characteristics of
the filling body. The detailed methods for extracting soil samples include the following:
tracking the construction process at K4 + 050, whose filling height was 30 m (before con-
struction to a height of 15 m). The soil samples were obtained by manually digging a test
pit (Figure 5a). Two conditions were considered in soil extraction: the first kind of soil
sample was obtained after rolling with rollers, and the other kind was obtained after heavy
re-tamping after rolling. The soil extraction depth was 1–7 m. The depth was calculated
with the top surface of construction to the height of 15 m as the zero point (as shown in
Figure 6, all the following conditions involving the filling soil sample depth were the same).
The fifth 3 m thick repeated construction ended exactly at the height of 15 m. A set of soil
samples was extracted approximately every 0.5 m. The soil samples obtained onsite are
shown in Figure 5b.
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2.4. Monitoring of Post-Construction Settlement

Settlement monitoring points were arranged on roads, and settlement magnet rings
were distributed in embankment soil layers to measure the post-construction settlement of
the filled high embankment. Digital leveling instruments and layered settlement instru-
ments were utilized to monitor the settlement of the high embankment.

The topographic conditions of the road section indicated five settlement monitoring
sections, namely, K4 + 050, K4 + 085, K4 + 120, K4 + 190, and K4 + 306. Three settlement
monitoring holes were sunk in the east, middle, and west of the road on each section, and
four measurement points were set up in each hole from the upper to the lower layers. The
locations of the settlement monitoring holes are shown in Figure 4. In the layered settlement
monitoring, the elevation changes in the settlement magnet rings at the monitoring points
inside the embankment or the lower foundation were observed.

Upon completion of embankment construction, pavement construction was immedi-
ately conducted on the embankment and the highway was put into operation. Settlement
monitoring was simultaneously started and continued for one year.

3. Results and Discussion
Due to the compressibility of the filling soil, large post-construction settlement and

creep landslides of filled high embankments of 10–30 m in height are reported frequently
in the literature [19]. The major control index for filled high embankments in construction
is the degree of compaction of the filling soil [20,21]. Thus, the degree of compaction of
the fills was measured during the construction process. Subsequently, the consolidation
compression testing and onsite settlement monitoring were conducted.

3.1. Working Mechanism of Heavy Tamping

The key to the comprehensive compaction technology is to add a heavy tamping
procedure based on the compaction of traditional rollers in each soil layer. Heavy tamping
can be regarded as the dynamic tamping of low energy. Its tamping energy is lower
than the dynamic tamping energy (i.e., generally under 1000 kN·m), and 500 kN·m is
usually applied. The analysis results of the mechanics indices like the degree of compaction
and compression modulus of the filling soil, which were mentioned earlier, showed that
after being compacted by rollers, the working mechanism of heavy tamping for the loess
layer was a re-compacting effect. In other words, the shock wave and the dynamic stress
produced by the larger tamping energy spread through the soil, leading to an instantaneous
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relative motion of the soil particles that became closer to each other. The air bubbles
trapped in the pores were rapidly discharged or compressed, and the pore volume further
decreased to form a denser structure. Thus, the compression of the filling soil within a
certain depth range was effectively reduced, and the loading capacity of the filling soil was
simultaneously improved.

3.2. Degree of Compaction of the Embankment Soil

The degree of compaction λc is defined as

λc =
ρd

ρdmax
(1)

where ρdmax refers to the maximum dry density obtained from the compaction tests (g/cm3),
and ρd refers to the dry density of the soil samples in the experiment (g/cm3). The
maximum dry density, ρdmax = 1.705 g/cm3, was obtained through the compaction testing of
the original loess near the site. The corresponding optimal moisture content was ωop = 13%.
The compaction tests were conducted in accordance with relevant geotechnical testing
standards. The soil pusher and compaction apparatus used in the compaction tests are
shown in Figure 7.

Buildings 2025, 15, 1291 8 of 18 
 

3. Results and Discussion 
Due to the compressibility of the filling soil, large post-construction settlement and 

creep landslides of filled high embankments of 10–30 m in height are reported frequently 
in the literature [19]. The major control index for filled high embankments in construction 
is the degree of compaction of the filling soil [20,21]. Thus, the degree of compaction of 
the fills was measured during the construction process. Subsequently, the consolidation 
compression testing and onsite settlement monitoring were conducted. 

3.1. Working Mechanism of Heavy Tamping 

The key to the comprehensive compaction technology is to add a heavy tamping pro-
cedure based on the compaction of traditional rollers in each soil layer. Heavy tamping 
can be regarded as the dynamic tamping of low energy. Its tamping energy is lower than 
the dynamic tamping energy (i.e., generally under 1000 kN·m), and 500 kN·m is usually 
applied. The analysis results of the mechanics indices like the degree of compaction and 
compression modulus of the filling soil, which were mentioned earlier, showed that after 
being compacted by rollers, the working mechanism of heavy tamping for the loess layer 
was a re-compacting effect. In other words, the shock wave and the dynamic stress pro-
duced by the larger tamping energy spread through the soil, leading to an instantaneous 
relative motion of the soil particles that became closer to each other. The air bubbles 
trapped in the pores were rapidly discharged or compressed, and the pore volume further 
decreased to form a denser structure. Thus, the compression of the filling soil within a 
certain depth range was effectively reduced, and the loading capacity of the filling soil 
was simultaneously improved. 

3.2. Degree of Compaction of the Embankment Soil 

The degree of compaction 𝜆௖ is defined as 𝜆௖ = 𝜌ௗ𝜌ௗ୫ୟ୶ (1)

where 𝜌ௗ୫ୟ୶  refers to the maximum dry density obtained from the compaction tests 
(g/cm3), and 𝜌ௗ refers to the dry density of the soil samples in the experiment (g/cm3). The 
maximum dry density, 𝜌ௗ୫ୟ୶ = 1.705 g/cm3, was obtained through the compaction testing 
of the original loess near the site. The corresponding optimal moisture content was 𝜔୭୮ = 
13%. The compaction tests were conducted in accordance with relevant geotechnical test-
ing standards. The soil pusher and compaction apparatus used in the compaction tests are 
shown in Figure 7. 

 

Figure 7. Soil pusher and compaction apparatus. Figure 7. Soil pusher and compaction apparatus.

Through indoor experiments under two kinds of construction conditions (i.e., condi-
tion 1: only rolled using rollers and condition 2: heavy tamping after rolling), the changing
curves of the degree of compaction λc and the void ratio e with the filling soil depth of the
filled high embankment are as shown in Figures 8 and 9, respectively.

Figure 8 shows that the variation in the degree of compaction of the filling soil rolled
using rollers only generally with the depth. The numerical values were approximately
0.92, indicating that the rolling effect of the rollers was relatively uniform. However, after
rolling under strict construction control in this project, further improving the degree of
compaction is quite difficult.

Figures 8 and 9 show that the degree of compaction of each site with heavy tamping
after layered rolling with vibratory rollers was further significantly improved. The degree
of compaction reached a maximum, while the void ratio reached a minimum at the interface
of heavy tamping (at depths of 3 m and 6 m). The degree of compaction gradually decreased
before reaching the next peak, while the void ratio gradually increased. In a similar fashion,
the compaction degree repeatedly changed according to this trend every time it reached
a certain thickness of heavy tamping (3 m). In view of the abovementioned reasons, the
degree of compaction of the embankment soil layers was first improved after layered rolling
with the vibratory rollers. The degree of compaction of each site was relatively uniform
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because of the careful control of the rolling process. After heavy tamping every 3 m, the
compaction density effect further improved the degree of compaction of the soil body.
Improvement of the degree of compaction certainly varies with depth and tamping energy.
Within the range of 3 m thickness, the soil layer closest to the tamping surface was most
influenced by the tamping energy; hence, the improvement of the degree of compaction of
the soil body reached the maximum. Starting from the tamping surface, the effect of the
tamping energy gradually decreased with the increasing depth. The improvements of the
degree of compaction of the soil body were also smaller. Figure 9 shows the changes in the
void ratio of the soil, similar to those of the degree of compaction.
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Figures 8 and 9 also show that the changes in the degree of compaction and the void
ratio tended to decelerate when reaching 2.5 m below the heavy tamping surface, indicating
that the influence depth of heavy tamping under the tamping energy was 2.5–3.0 m, and
the effects on the soil body below were weak. Therefore, in this project, the soil body was
tamped every 3 m to effectively compact the fill.

Expanding the soil filling depth in Figure 8 is feasible to better illustrate the changing
principles of the degree of compaction of the embankment soil body. Figure 10 shows
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the changing curve of the degree of compaction with depth after expansion, where the
prediction data were drawn in dotted lines. Figure 10 also demonstrates that the degree
of compaction periodically changes with depth, with the period relating to the thickness
of heavy tamping. The degree of compaction suddenly changes at the interface of heavy
tamping; thus, the curve appears as a periodically changing sawtooth shape.
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3.3. Compression Modulus of the Embankment Body

Odometer tests were used to investigate the compression properties of compacted
filling soil and obtain the compression modulus of the soil. The selected depths of the soil
samples in this experiment were 2, 2.8, 3, 4, 5, and 5.8 m. For convenience of comparison,
the compression modulus Es1–2 at the pressure range that increased from p1 = 100 kPa to
p2 = 200 kPa was generally applied to represent the compression properties of the soil body.
Figure 11 shows the relationship between the compression modulus ES1-2 and the filling
soil depth under the two circumstances, including layered rolling only and heavy tamping
after layered rolling.
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Figure 11. Relationship between the compression modulus and the soil layer depth under layered
rolling only and heavy tamping after layered rolling.

Figure 11 shows that the compression modulus after layered rolling with rollers gener-
ally changes with the filling soil depth, indicating that the rolling effects were relatively
uniform. After heavy tamping of the filling soil, the compression modulus ES1-2 of the soil
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samples at each depth was improved to different extents: by 50–100% compared to those
only with layered rolling using the rollers. Furthermore, the compression modulus ES1-2

at the depth of 3 m (the surface of heavy tamping) reached the maximum, after which it
gradually decreased to its minimum before reaching the next tamping surface (6 m). These
changes repeated over each heavy tamping thickness (3 m), showing the same change
principles as for the degree of compaction mentioned earlier.

The difference between the compression modulus after heavy tamping and the basic
control variable is exactly the increment ∆ES of the compression modulus of the soil layer
after heavy tamping if the compression modulus with layered rolling using rollers only is
used as the basic control variable. Figure 12 depicts the changing curve of the increment
∆ES with the filling soil depth, where the solid line denotes the actual measured values,
and the dotted line represents the predicted values. The curve also shows a periodic
sawtooth shape. Apparently, heavy tamping led to the periodic modulus increment, which
further reduced the compression settlement of the filling body. The reduction degree will
be discussed later in this paper along with the settlement calculation formulas.
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Figure 12. Predicted and measured values of the compression modulus.

The quantitative relationship of the compression settlement Si and the compression
modulus ES for each soil layer of the embankment is expressed as

Si =
σp

ES
Hi (2)

where σp refers to the vertical stress (kPa), and Hi refers to the thickness of the soil layer
(m). As described earlier, the compression modulus of the filling body repeatedly changed
at every 3 m of heavy tamping thickness. Thus, applying Equation (2) is feasible to
comparatively analyze the compression settlement of the filling body with a thickness
of 9–30 m under the effect of self-weight stress according to the experimental data for
the compression modulus in Figure 11. The compression settlement of the filling body
only with layered rolling is h1, and the compression settlement of the filling body with
heavy tamping after rolling using rollers is h2. Table 3 presents the calculation of h2/h1 and
(h1 − h2)/h1 (settlement reduction ratio).

The values in Table 3 allow for a comparison of the common loess-filled high embank-
ment, whose filling height was 9–30 m, with the settlement of the filling body using only
layered rolling. The results indicated that the settlement of the filling body using both
layered rolling and interlayer heavy tamping can be reduced by almost 40%.
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Table 3. Comparative analysis of the compression settlement of the filling body with different
compaction methods.

Filling Thickness (m) h2/h1 (h1 − h2)/h1

9 0.618 0.382
12 0.617 0.383
15 0.617 0.383
18 0.615 0.385
21 0.614 0.386
24 0.613 0.387
27 0.613 0.387
30 0.612 0.388

3.4. Post-Construction Settlement

Under the effect of gravity loading on the filling soil and vehicle dynamic load on the
upper road, the total post-construction settlement of the road surface S can be regarded
as the combination of the post-construction settlement of filling body S1 and the post-
construction settlement of the original foundation at the bottom of embankment S2, that is,
S = S1 + S2. Figure 13 shows the settlement monitoring results, taking the central measuring
points at sections K4 + 050 and K4 + 190 as examples. Table 4 presents the final (at the end
of monitoring) settlement results of the two sections.
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Table 4. Displacement values at the final settlement.

Section Total Settlement
(mm)

Ground Settlement
(mm)

Fill Settlement
(mm)

K4 + 050 30.61 3.02 27.59
K4 + 190 16.08 1.40 14.68

Figure 13 and Table 4 show that the maximum total post-construction pavement
settlement of a filled high embankment at section K4 + 050 was 30.61 mm, of which the
post-construction settlement of the filling body was 27.59 mm (0.092% of the embankment
height), approximately 90% of the total settlement. The post-construction settlement of
the original foundation was 3.02 mm, approximately 10% of the total settlement. The
post-construction settlement of the filling body at section K4 + 190 with an 18 m fill was
14.68 mm (0.086% of the embankment height), approximately 91.3% of the total settlement.

For the post-construction settlement in this project, the filling body itself became the
major constituent of the total post-construction pavement settlement of the filled high em-
bankments through compression deformation. Thus, the key to construction in filled high
embankments lies in the control of the compression settlement of the filling body itself through
reasonable compaction methods. From the comparison with the actual measurement data
from the embankment project in Table 1, the relative post-construction settlement of the
filling body (the ratio of settlement to embankment height) after applying the comprehensive
compaction technology was less than 0.1%, which was far less than the relative settlement for
the embankment projects with layered rolling only. A smaller post-construction settlement not
only greatly satisfied the requirements of the relevant specifications toward the limit values of
the pavement settlement for filled high embankments but also omitted the reserved settlement
period, leading to huge social and economic benefits.

Figure 13 also shows that the settlement rate of the filling body generally illustrated
the pattern of being large at first and small later on, tending to be stable in time. An
apparent acceleration feature occurred at approximately the 100th day in the settlement
curve, which can be analyzed in consideration of the road traffic situation in Taiyuan that
year. With an apparent increase in the vehicle flow, the vehicle loading accelerated the
further compaction of the loess fill, increasing the settlement rate of the soil fill at each layer
of the embankment. Since then, with the gradual compaction of the embankment filling
soil and the original foundation soil, the settlement rate gradually slowed down, and the
settlement value tended to be stable in approximately 240 to 365 days.

3.5. Post-Construction Settlement Prediction

Numerous prediction methods have been suggested in the literature [22], and the
curve-fitting method can adequately capture the settlement features of high embank-
ments [23–27]. Taking the data for section K4 + 050 as an example, regression analysis with
linear, exponential, logarithmic, and power functions was applied separately to conduct
curve fitting on the measured post-construction settlement data for a filling body. Figure 14
depicts the fitted curves and the actual measurement values. Table 5 presents the fitting
results. Figure 14 and Table 5 show that the maximum R2 value is achieved through fitting
with a logarithmic curve, indicating that the logarithmic curve is closest to the actual
measured values. In other words, the post-construction settlement of the filling body and
time were essentially in a logarithmic relationship. The settlement during the initial stage
was larger and finally tended to be stable.
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Table 5. Fitting curve models and parameters.

Model Mathematical Expression Fitting Parameters R2

Linear function y = kx + b k = 0.0826, b = 4.5266 0.66
Exponential function y = y0 + keax y0 = 32.4670, k = −33.2340, a = −0.0068 0.86
Logarithmic function y=aln(x) − b a = 10.0639, b = 29.7595 0.92
Power function y = kxa k = 1.0089, a = 0.5854 0.81
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The post-construction settlement of the filling body increased with time following a
logarithmic relationship; hence, the prediction formula of the post-construction settlement
of the filling body is proposed as

S = (algt − b)H (3)

where S/H refers to the relative settlement (%); H refers to the soil filling height (m); S refers
to the post-construction settlement of the filling body (m); t refers to the post-construction
time (days); and a and b refer to the calculation parameters, whose values were related to
the nature of the filling material and the filling methods in construction, respectively.

Linear fitting was conducted according to the actual measurement values from the
post-construction settlement of the filling body of section K4 + 050 (Figure 15) and the
other sections, through which the calculation parameters were obtained as a = 0.08 and
b = 0.1. These two parameters were substituted into Equation (3), through which the
post-construction prediction formula for a loess-filling body (the properties of the fill are
similar) appropriate for comprehensive compaction technology was obtained as

S = (0.08lgt − 0.1)H (4)
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3.6. Discussion on the Application of Analogous Engineering

Construction methods similar to this comprehensive compaction method have already
been applied in the high-fill foundation of Luliang Airport in Shanxi Province [4,28]. The fill
materials for Luliang Airport project mainly consist of Q2 and Q3 loess, with a maximum fill
depth of approximately 80 m. The compaction method employed in this project combines
roller layer-by-layer compaction with dynamic consolidation. The single impact energy
for dynamic consolidation exceeds 1000 kN·m, and consolidation is carried out every 3 to
4 m in the thickness direction. Researchers conducted nearly two years of continuous in
situ monitoring tests onsite. The test results indicated that the post-construction settlement
of the 80 m thick fill body was 30 mm (0.04% of the fill height), and the post-construction
settlement of the 15 m thick fill body was 8 mm (0.05% of the fill height). These settlement
data all met the design requirements, demonstrating the excellent compaction effectiveness
of this construction method.

4. Conclusions
A comprehensive compaction technology that combines layered compaction by vibra-

tory rollers and interlayer heavy tamping was proposed to improve the compaction effects
of high loess embankments. The technology was combined with engineering applications,
soil mechanics testing, and onsite settlement monitoring to investigate the compression
characteristics of the rolled and tamped loess fill. The effective tamping thickness was
3 m, and the applied single-tamping energy was 500 kN·m. The following conclusions
were drawn:

(1) When a filling soil with layered rolling experienced heavy tamping, its degree of
compaction and compression modulus were greatly improved and appeared in a
periodic sawtooth curve shape according to the filling depth. The analysis results for
the degree of compaction, compression modulus, and post-construction settlement of
the filling body show that for the loess layers after compaction by rollers, the working
mechanism of further heavy tamping was a re-compacting effect.

(2) Compared to the compression modulus of the filling soil with layered rolling using
rollers only, the compression modulus was improved by 50–100% with comprehensive
compaction. Further analysis of the compression modulus showed that compared
to the settlement with layered rolling only, the settlement of the filling body with
comprehensive compaction can be reduced by almost 40%.

(3) The settlement monitoring results showed that the settlement rate of the filling body
with comprehensive compaction tended to be large at first and subsequently smaller
over time. The post-construction settlement of the filling body that finally tended
to be stable was smaller than 0.1% of the embankment height, which was signifi-
cantly reduced compared to similar embankment projects using layered rolling only.
The compression deformation of the filling body itself in this project was the major
constituent of the total settlement.

(4) The post-construction settlement of the filling body increases with time following a
logarithmic relationship.

(5) The comprehensive compaction technology can be used to enhance the embankment
compaction effects, effectively reducing post-construction settlement for the loess-
filled high embankment.

(6) Construction parameters for the comprehensive compaction technology should be
appropriately optimized based on different soil properties before implementation.
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