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+e prediction of foundation settlement is an important topic in loess filling engineering. Based on a filled foundation in Yan’an,
China, this study explores the consolidation characteristics of compacted loess with different compaction energy and consol-
idation pressure through consolidation tests, analyzes the strain-time curve and refines the curve within 2 h, separates the primary
and secondary consolidations, and obtains the critical time point between the primary and secondary consolidations. Defor-
mation rate St

′ and cumulative deformation Stwere introduced to analyze the St
′− St curve at the secondary consolidation stage; the

secondary consolidation coefficient was employed to describe the secondary consolidation characteristics of compacted loess.
According to the secondary consolidation characteristics, a prediction model of loess settlement considering different compaction
energy and fill thickness was proposed, and the applicability of the model was further analyzed.+emodel will facilitate in guiding
the design and construction of loess filling engineering.

1. Introduction

With the progress of China’s west development strategy and the
improved urbanization level, construction land in western loess
area has become increasingly limited, and thus, a large number
of loess filling projects have appeared.+e height of some filling
works exceeds 100m. Correspondingly, engineering problems
related with filling projects have drawn more attention, such as
ground and wall cracking (Figure 1) caused by uneven settle-
ment of the foundation. In addition to the deformation of the
filling body during the construction stage, the filling foundation
continues to produce secondary consolidation deformation
under high dead weight stress after completion. Its subsidence
often lasts for several years or even decades and has become an
important factor affecting the safety of engineering construction
and economic development in the western loess area. +us,
investigation on the postconstruction settlement prediction of
high-fill loess foundations has become an important topic in
foundation stability research.

As for research on secondary consolidation, many ex-
periments and numerical calculations have been conducted

in recent decades [1–3]. Some scholars have investigated on
the influence of stress history, loading ratio, and loading
time on the secondary consolidation coefficient [4–6]. In
terms of prediction for postconstruction settlement of high
fills, the current focus is mostly on newmodels andmethods.
Mei and Yin [7] established a settlement-time relationship
curve that can consider instantaneous settlement, consoli-
dation settlement, and secondary consolidation settlement
according to the characteristics of settlement under in-
stantaneous loading. Based on the Cambridge model, Yin
et al. [8] proposed a simple elastoviscoplastic model that can
simulate the aging characteristics of soft soil. Some re-
searchers have focused on the secondary consolidation
deformation of high filling soil, but the results differ greatly.
Taylor and Merchant [9] proposed that the secondary
consolidation compression of a consolidation test is plastic
adjustment of the clay structure. Newland and Allely [10]
thought the secondary consolidation coefficient was unre-
lated to consolidation pressure. Mesri and Godlewski [11]
believed that the coefficient was unrelated to the incremental
ratio of load and was determined by the final consolidation
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pressure. Yin et al. [4] showed that the secondary consoli-
dation coefficient changed with time and was determined by
the consolidation pressure, load incremental ratio, and
surcharge preloading, based on experimental results in the
laboratory. Leroueil et al. [12] found that under the same
level of load, the secondary consolidation coefficient was not
a constant value, but reached the maximum value when near
the initial consolidation pressure and decreased with time.
Alonso et al. [13] proposed an empirical formula for cal-
culating the secondary consolidation settlement after con-
struction by analyzing the results of field preloading and
remodeling compression tests; they believed that the sec-
ondary consolidation coefficient was an over consolidation
ratio function unrelated to time. +rough theoretical
analysis of Bjerrum creep diagrams, Nash [14] considered
that the secondary consolidation coefficient of over-con-
solidated soil increased gradually with time and finally
tended to a constant value. +is research showed that the
study of high fill soil is complex. Soil is a complex porous
three-phase material in which many phenomena take place
simultaneously. Due to the complexity, many soil mechanics
problems must be solved numerically or by laboratory in-
vestigation [15]. Ge et al. [16] conducted a one-dimensional
consolidation creep test on remolded loess; they analyzed the
degree of compaction, moisture content, and vertical
pressure, and found them to be important factors affecting
the secondary consolidation characteristics of loess. Xu et al.
[17–19] conducted laboratory tests on loess and studied
related deformation influencing factors. Nash et al. [20]
conducted one-dimensional consolidation tests to study the
influence of depth and strain rate on yield stress, creep, and
anisotropy during compression of Bothkennar clay.
Augustesen et al. [21] summarized previous experimental
studies on the creep properties of soft clay, limited to one-
dimensional and triaxial conditions; there are some un-
reasonable aspects, such as the confusion between structural
soil and remolded soil.

For high-fill projects, the secondary consolidation
under the action of its own weight after the completion of
the fill requires a long time to stabilize. +us, the analysis
of secondary consolidation is of importance to the long-

term stability of a fill project. In this study, an indoor one-
dimensional consolidation test was performed on com-
pacted loess, and the effects of compaction energy and
consolidation pressure on the secondary consolidation
characteristics of compacted loess were studied. A set-
tlement prediction model considering compaction energy
and fill thickness was proposed, and its applicability was
analyzed.

2. One-Dimensional Consolidation Tests

2.1. Soil Properties. +e test loess was sampled from a fill
project in Yan’an of northern Shanxi province, at a depth of
3m. +e basic physical properties are presented in Table 1.

2.2. Confirmation of Compaction Energy. To systematically
investigate the impact of compaction energy and consoli-
dation pressure on the consolidation characteristics of loess,
the construction technology of dynamic compaction in a
high-fill project in the loess area was studied, according to
four kinds of single tamping energy that are widely used in
engineering. A similar coefficient was used to determine the
corresponding indoor test tamping energy. An indoor
compaction test was conducted on the remolded loess, and
the water content of the sample was controlled at the optimal
water content.

+is study considers four construction parameters:
single tamping energy E, the weight of the rammer W, the
diameter of the rammer D, and the soil parameters (dry
density, cd). +e specific process is described as follows:

Set the depth of the ramming pit as H; then,

F E, W, D, cd, H(  � 0. (1)

In equation (1), there are five physical quantities: E, W,
D, cd, and H. W and D are selected as the basic dimensions.
According to Buckingham’s theorem (π theorem), π number
is three; through dimensional analysis of the three remaining
physical quantities, three dimensionless π numbers are
obtained as

(a) (b)

Figure 1: Secondary disasters caused by uneven settlement of foundation after fill engineering. (a) Road cracking caused by subgrade
settlement of the high-fill section. (b) Wall cracking caused by uneven foundation settlement.
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Substituting equation (2) into equation (1), we obtain

F
E

W D
,
D

3
cd

W
,
H

D
  � 0. (3)

According to the similarity principle, the similarity
condition can be obtained from equation (3).

F
E

W D
,
D

3
cd

W
,
H

D
  � 0, (4)

where C is the similarity coefficient of each construction
parameter (subscript).

In practical engineering, the main indicator of quality
inspection after compaction is cd. To reflect the actual
construction conditions based on the indoor test, let the
similarity coefficient Ccd � 1. According to equation (4), the
similarity coefficient of each process parameter in the indoor
test can be determined as

Cw � 1: 8000,

CD � 1: 20,

CE � 1: 160000,

Ccd
� 1: 1.

(5)

Using the similarity coefficient to compare the hammer
weight and the diameter of the rammer and the following
equation, the compaction energy corresponding to the in-
door test can be obtained.

E �
GhNn

V
, (6)

where E is the compaction energy, kJ/m3; G is the tamper
gravity, kN; h is the tamper drop height, m; N is the number
of ramming times; n is the number of rammed soil layers; V
is the effective rammed soil volume, m3.

2.3. Specimen Preparation. To systematically study the im-
pact of compaction energy on the consolidation charac-
teristics of loess, the moisture content of the sample is
controlled at the optimal moisture content.+e specific steps
are described as follows.

(1) Determination of optimum moisture content:
remolding soil samples were prepared using the
compaction method in geotechnical test method
standard (GB/T50123-2019); the optimum moisture
content corresponding to each compaction energy
was determined by an indoor light compaction test,
as given in Table 2.

(2) Preparation of optimal moisture content: the soil
water after sieving and air drying was prepared at the
optimal moisture content, as given in Table 2.

(3) Preparation of consolidated samples: the remolded
soil samples from the indoor light compaction test
were demolded and cut according to the standard to
make cylindrical consolidated samples, with a size of
50 cm2 × 2 cm.

2.4. Test Plan. A one-dimensional consolidation test was
conducted on the soil after compaction of different grades.
Test schemes were selected with final consolidation pressure
levels of 500, 1000, 1500, and 2000 kPa and compaction
energies of E0 � 592.2 kJ/m3 (standard light compaction test
energy), E1 � 743.8 kJ/m3, E2 �1420.8 kJ/m3, and
E3 � 2169.0 kJ/m3. A total of 16 groups of consolidation tests
were conducted to study the consolidation deformation of
remolded soil samples.

+e standard consolidation test was conducted
according to the Standard for Geotechnical Test Methods
GB/T50123-2019. +e specific steps are described as follows:

(1) +e test used the WG single-lever consolidation
instrument and a dial gauge to read the data

(2) To ensure good contact between the sample and the
loading system, the soil sample was preloaded and
stabilized at 25 kPa
+e soil sample was preloaded and stabilized at
25 kPa according to (0⟶25⟶50⟶100⟶200
⟶500 kPa, 0⟶25⟶50⟶100⟶200⟶400
⟶1000 kPa, 0⟶25⟶50⟶100⟶200⟶400
⟶800⟶1500 kPa, and 0⟶25⟶50⟶100⟶
200⟶400⟶800⟶1600⟶2000 kPa) for grad-
ual loading. Table 2 provides only the final con-
solidation pressure at all loading levels. +e
stability standard of this test refers to a previous
study [22]; the stability standard of loading was
that the vertical cumulative deformation after 24 h
was less than 0.002mm.

(3) During the test, a wet towel was used to wrap the
sample to prevent the evaporation of moisture and
ensure that the moisture content did not change over
time

Table 1: Physical properties of the test loess.

Natural
moisture
content ω (%)

Limit of
liquidity ωl

(%)

Limit of
plasticity ωp

(%)

Index of
plasticity Ip

Relative
density of

soil

Grain composition (%)
Sand grain

0.25–0.075 (mm)
Powder particles
0.075–0.005 (mm)

Clay particles
<0.005 (mm)

7.84 33 20 13 2.70 2.78 73.06 24.16
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(4) In measuring the sedimentation rate, the reading of
the meter should be measured according to the time
after pressurization until it is stable

(5) +e secondary consolidation settlement test can be
continued after the primary consolidation test is
completed, until the consolidation is stable

2.5. Analysis of Test Results. Figures 2 and 3 show the con-
solidation tests of specimens with different compaction en-
ergy and consolidation pressure in different schemes and
plots of the strain-time (ε-t) curves. For simplicity, only the
final loading consolidation strain curve of the sample in the
four-stage loading scheme is included (500, 1000, 1500, and
2000 kPa). +e zero point of the strain curve is the stable
strain value before stage loading. +e strain curve has the
same trend.+e deformation rate of the specimen is greater at
the instant of each level of loading; with time, the deformation
rate gradually decreases and tends to stabilize; the vertical
strain increases with an increase in the vertical stress.
Comparing Figures 2(a)–2(d), 3(a)–3(d), and the ε-t curves
with four compaction energies, it is found that when the
sample has the optimal moisture content, as the compaction
energy increases, the vertical strain of the specimen with the
same vertical stress gradually decreases. Considering 1500 kPa
as an example, the stable vertical strain is 6.38% in response to
compaction energy of 592.2 kJ/m3; with respect to compac-
tion energy of 743.8 kJ/m3, the stable vertical strain is 6.10%;
as for the compaction energy of 1420.8 kJ/m3, the stable
vertical strain is 5.41%; and in the case of compaction energy
of 2169.0 kJ/m3, the stable vertical strain is 5.36%. Based on
the test data analysis, greater compaction produces a smaller
gap between the soil particles and less free water, encouraging
the spread of soil particle peristalsis, corresponding to a
thinner film, great mutual attraction between the soil particle
molecules, resilience, and little deformation.

2.6. Separation of Primary and Secondary Consolidations.
Much research has been conducted on the mechanism and
division of primary and secondary consolidations. It was
believed that the high fill of loess is generally unsaturated
soil, which is different from the drainage consolidation of
saturated soil. Unsaturated soil is a three-phase body
composed of a soil skeleton, water, and gas. Under the action
of the overburden, the gas between the pores of the soil
particles is discharged first. With the continuous action of
the load, the gas is gradually exhausted, and there is only
water between the pores of the soil particles. At this time, it
can be considered that the soil has developed from unsat-
urated soil to saturated soil, and the load continues to act.
After the drainage consolidation of saturated soil, i.e., the

completion of primary consolidation, the soil particles are
adjusted under the constant effective stress, such that the
volume of the soil continues to decrease; this is the sec-
ondary consolidation process.

+e traditional view involved in the division of primary
and secondary consolidations is that secondary consolida-
tion occurs after the completion of primary consolidation
[23]; another view is that when the upper soil layer is loaded,
the main consolidation and secondary consolidation occur
simultaneously. With the main consolidation process
completed, the secondary consolidation initiates [4].

+is study employs the separation method of primary
and secondary consolidations proposed in the literature
[24], introduces the deformation rate S’t and the cumulative
deformation parameter St in the secondary consolidation
process, and proves that the St

′ − St relationship in the
secondary consolidation stage can be fitted with a straight
line, which determines the secondary consolidation coeffi-
cient, as shown in the following equation.

Cα �
Δe
Δlgt

. (7)

+e specific separation method is described as follows.
According to the one-dimensional consolidation test, the
settlement rate-settlement volume relationship curve St

′ − St

can be obtained, as shown in Figure 4. From this curve, it is
observed that in the initial stage of loading, the St

′ − St curve
is steep and the soil sample has a large deformation rate.+is
section represents the deformation caused by the transient
unsaturated soil exhaust after loading. +e curve suddenly
slows, an inflection point appears, and the deformation rate
suddenly decreases. It is considered that this is the primary
consolidation stage, and the curve continues to extend. After
the primary consolidation stage, the curve further slows and
a second inflection point appears. +is stage can be con-
sidered as a secondary consolidation stage. +ere are short
primary and secondary consolidation sections. Considering
the intersection of the primary and secondary consolidation
time periods appearing in the St

′ − St relationship curve as
the boundary between the primary and secondary consol-
idation, after determining the primary and secondary
boundary time points, the curve segment after the boundary
point in the strain-time curve is used to establish the e −

lg(t) curve. According to equation (7), the slope of the curve
is the secondary consolidation coefficient Cα.

In this study, the strain-time curve obtained in the one-
dimensional consolidation test is refined, and the strain-time
curve within 2 h can be obtained. Considering the St

′ − St

curve (Figure 5) and the strain-time curve (Figure 6) with the
standard light compaction energy E0 � 592.2 kJ/m3 and

Table 2: Consolidation pressure and stability standards.

Compaction energy (kJ/m3) Optimal moisture content (%) Final consolidation pressure (kPa) Stability standard (mm/d)
592.2 16.68 500, 1000, 1500, 2000 0.002
743.8 16.15 500, 1000, 1500, 2000 0.002
1420.8 14.37 500, 1000, 1500, 2000 0.002
2169.0 13.54 500, 1000, 1500, 2000 0.002
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σ � 1500 kPa as examples, the primary consolidation stage,
the overlapping stage of primary and secondary consoli-
dations, and the secondary consolidation stage can be dis-
tinguished, and the time point of the boundary between
primary and secondary consolidation can be obtained. After
determining the time point of the primary and secondary
boundaries, the curve segment after the boundary point in
the strain-time curve was used to establish the e − lg(t)

curve, as shown in Figure 7. According to equation (7), the
slope of the curve is the secondary consolidation coefficient
Cα. +e secondary consolidation coefficient reflects the
consolidation speed of the soil. A greater secondary con-
solidation coefficient indicates more obvious secondary
consolidation characteristics of the soil. Based on this
method, the strain-time curves with different compaction
energies and vertical loads can be separated into primary and
secondary consolidation, and the dividing time points of
primary and secondary consolidation can be obtained for all
samples. +e dividing time points of primary and secondary

consolidation for all samples are at approximately
39∼60min.

In accordance with the curve trends in Figures 5 and
6, it is found that the loess deforms instantaneously at the
moment of loading, the deformation rate gradually de-
creases with time, and the final deformation rate essen-
tially stabilizes, but there is still a slight deformation over
time. +e rule of the entire deformation process is re-
flected by the change in deformation rate from the main
consolidation stage to the secondary consolidation stage.
Comprehensive analysis on the curve characteristics can
be understood as follows: after the unsaturated test soil
sample is subjected to vertical load, the volume between
the pores is compressed by compaction, resulting in a
relatively obvious initial strain; as time continues, the
pores are gradually compacted, and the soil body
structure is broken; the particles move with each other,
the friction between the particles increases, and the soil
particles gradually reach relative stability.
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Figure 2: Strain-time curve with different compaction energies and vertical stress. (a) E0� 592.2 kJ/m3. (b) E1� 743.8 kJ/m3. (c) E2�1420.8 kJ/m3.
(d) E3� 2169.0 kJ/m3.
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According to equation (7) and the relationship curve of
the secondary consolidation coefficient with different
compaction energies shown in Figure 8, for the same
compaction energy, the secondary consolidation coefficient
Cα increases with an increase in vertical stress. With an
increase in compaction energy, the influence of vertical
stress on the secondary consolidation coefficient gradually
decreases. When the vertical stress is constant, with an
increase in compaction energy under a greater load, the
secondary consolidation coefficient Cα exhibits a decreasing
trend that is not obvious because the consolidation samples
were prepared with an optimal water content corresponding
to different compaction energies. +e three-phase state of
soil is complex, and the smaller vertical stress is not sufficient
to overcome the viscosity of the soil and the friction between
the particles, demonstrating that the effect of compaction
energy and consolidation pressure on the secondary con-
solidation coefficient is small. However, under a greater
vertical stress, the secondary consolidation coefficient

increases gradually and decreases with an increase in the
compaction energy.

+e analysis shows that compaction energy and con-
solidation pressure have a great influence on the secondary
consolidation of compacted loess. In actual projects, in order
to control the postconstruction settlement of loess high-fill
bodies, the construction compaction energy should be fully
considered. Due to the high sensitivity of the secondary
consolidation coefficient of compacted loess to compaction
energy with high stress levels, it should be carefully con-
sidered in higher loess-fill projects.

3. Settlement Prediction Model

Based on the inflection time points between the primary and
secondary consolidations, the starting point of the secondary
consolidation was determined. After data processing, the
relationship curves of ln(ε/t) and ln(t) can be obtained for
different compaction energies with different vertical stress σ
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Figure 3: Strain-time curve with different vertical stress and compaction energies. (a) Vertical stress σ � 500 kPa. (b) Vertical stress
σ � 1000 kPa. (c) Vertical stress σ � 1500 kPa. (d) Vertical stress σ � 2000 kPa.
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Figure 6: Strain-time curve at E0 � 592.2 kJ/m3 and σ � 1500 kPa.
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at the secondary consolidation stage of the specimen. +is
study uses E3 � 2169.0 kJ/m3 as an example, as shown in
Figure 9.

It is observed in Figure 9 that ln(ε/t) and ln(t) have a
good linear relationship, expressed as

ln
ε
t

  � a ln(t) + b. (8)

In equation (8), a and b are the undetermined coeffi-
cients. In Figure 9, with different compaction energies and
different vertical stress conditions, the curve slope a exhibits
a small range, and a� −0.9538. Intercept b changes with the
vertical stress σ. Figure 10 shows the change rule of intercept
b with the vertical stress σ in response to the compaction
energy of E3 � 2169.0 kJ/m3.

In Figure 10, the change in b with the vertical stress σ
conforms to an exponential relationship, expressed as

b � c ln(σ) + b. (9)

Substituting equation (9) into equation (8), with
a� −0.9538, the model expression describing the secondary
consolidation deformation characteristics of loess with

different compaction energies can be obtained, as shown in
the following equation:

ε(t) � σc
e

d
t
0.0462

. (10)

ε(t) is the strain value at any moment, σ is the vertical
stress, t is the time, and c and d are indicated in Table 3.

To obtain the partial derivative of time t on both sides of
equation (10), the relationship between strain rate and time
can be obtained:

ε(t) � 0.0462σc
e

d
t
−0.9538

. (11)

Equation (11) reflects the relationship between the strain
rate ε and the time t. As t increases, the strain rate gradually
decreases; the strain rate eventually approaches 0, which is
consistent with actual engineering.

4. Model Validation

To verify the feasibility of equation (10), the same time point
was employed to calculate the compaction energy and the
strain under different loads, and the results were compared
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with the test results. To intuitively understand the difference
between the calculation and test results, the results with
different compaction energies are investigated.+e points in
Figure 11 represent the data obtained from the test, and the
curve represents the strain-time curve under different ver-
tical loads on the basis of prediction formula; it is stipulated
that the strain value at t� 0 is the stable strain before the
loading process.

It is observed in Figure 11 that equation (10) can best
describe the changing trend of the loess sample in the test,
indicating that the strain rate is relatively large in the initial
stage of the test; with the elapse of time, the strain rate
decreases and eventually stabilizes.

With a lack of relevant actual field monitoring results,
it is found by comparing the predicted results with the
test results that the model prediction results are slightly
greater than the experimental results in the early stage;
the deviation decreases gradually with time, and the
curves tend to coincide. From analysis of this experiment,

the main reasons for the deviation are the test soil
specimens were prepared at the optimal moisture content
corresponding to different compaction energies, and the
relative position arrangement between soil particles was
complex. At the beginning of loading, when the soil
sample was subjected to vertical consolidation pressure,
the volume between pores was compressed, the particles
moved mutually, and the relative position changed. +e
soil specimen was in the complex state of solid-liquid-gas
three-phase coupling, the stress-strain relationship of the
soil was complex, and there was no regularity. +us, the
prediction results of the model obtained by the fitting of
the secondary consolidation curve were greater than
those in the initial stage of the test. +rough comparative
analysis of the model prediction and test data, the pre-
diction model proposed in this study can accurately
describe the consolidation strain development trend in
the loess laboratory test and is suitable for predicting the
long-term postconstruction settlement of loess filling.
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Figure 9: ln(ε/t) − ln(t) curve at E3 � 2169.0 kJ/m3. (a) Vertical stress σ � 500 kPa. (b) Vertical stress σ � 1000 kPa. (c) Vertical stress
σ � 1500 kPa. (d) Vertical stress σ � 2000 kPa.

Advances in Civil Engineering 9



b = 0.318ln (σ) – 5.62
R2 = 0.9503
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Figure 10: Relationship between intercept b and vertical stress σ.

Table 3: Parameters c and d with different compaction energies.

Compaction energy c d
E0 � 592.2 kJ/m3 0.835 −8.859
E1 � 743.8 kJ/m3 0.535 −7.15
E2 �1420.8 kJ/m3 0.417 −6.23
E3 � 2169.0 kJ/m3 0.318 −5.62
Note. +e values of c and d in the table are based only on this test.
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Figure 11: Continued.
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5. Conclusions

+is study conducted a one-dimensional consolidation
test on Yan’an compacted loess and analyzed the effects of
compaction energy and consolidation pressure on the
secondary consolidation characteristics. A prediction
model for loess settlement considering different com-
paction energies and different fill thicknesses was pro-
posed, and the model was further verified. +e main
conclusions are presented as follows:

(1) +e strain-time curve with different compaction
energies and different vertical stress was refined,
and the strain-time curve within 2 h was obtained.
+e primary and secondary consolidations sepa-
ration was conducted; the boundary time point
between the primary and secondary consolida-
tions was approximately 39∼60 min.

(2) +rough analysis on the relationship between the
secondary consolidation ln(ε/t) and ln(t), an ex-
pression is obtained after fitting. Based on the test
results, a model expression describing the sec-
ondary consolidation deformation characteristics
of loess with different compaction energies was
obtained.

(3) +e prediction model proposed in this study ex-
hibits a slightly greater initial error in predicting
settlement; however, the deviation gradually de-
creases with time. +e prediction model generally
well reflects the test results, thus showing an
obvious advantage in guiding the design and
construction of the loess filling project.

+e prediction model proposed in this study does not
incorporate the influence of moisture content and compactness
on the long-term postconstruction settlement of the high-fill
project; this will be studied in future research.
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