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Post-construction settlement estimation
and increased earthwork volumes
calculation of high loess fill

Cai-Hui Zhu*
D.E., Institute of Geotechnical Engineering, Xi’an University of Technology, Xi’an,
Shaanxi, China

Abstract. In this study, the post-construction settlement (PCS) area distribution of high fill was analyzed based with reference to
a case history of an airport runway crossing a deep gully reclaimed by a thick fill of loess. Earthwork volumes (EV) attributed to
PCS was calculated based on in-situ tests. Results showed that the uneven PCS were related to fill depth, construction time, fill
rate, integrated compaction degree, and boundary conditions. An empirical equation that considers the aforementioned influence
factors was established to calculate the final PCS of high fill. The surface PCS of high fill and the EV can be estimated according
to the proposed empirical equation and the original site topography using the three-dimensional finite element method.

Keywords: Post-construction settlement, increased earthwork volume, high loess fill airport, in situ tests, triangulated irregular
network, finite element method

1. Background

With the recent development of loess engineering in the western region of China, the post-construction settlement
(PCS) and the stability of high fill foundations are critical issues because of the transport lines and infrastructures
that are constructed on this foundation. Handfelt et al. [17] suggested that in situ testing was the most effective
approach to determining the occurrence of the PCS of high fill. Loganathan et al. [25] presented a simple and useful
method called field deformation analysis for separating the measured total settlement into immediate compression,
primary consolidation, and secondary compression. In addition, this technique considers both settlement and lateral
movement. Lee et al. [24] developed a similar method based on laboratory experiments and in situ tests. Clements [5]
investigated 68 rockfill dams. When empirical equations were applied, significant errors were generated. Asaoka [3]
proposed a useful mathematical method to estimate the PCS of high fill embankment at the early stage. This method
was used extensively by [2, 10, 24] in practical engineering. Hyperbolic curves, logarithmic curves, exponential
curves, Gompertz curves, and neural network models were used by [34, 25], Yang et al. (2005), and [33] to the PCS
in actual engineering applications. The aforementioned methods are regression analysis methods based on time
series, and most of these techniques cannot consider other influencing factors.

The influencing factors on the PCS of high fill are complex but are rarely investigated in engineering practice.
These factors include the engineering, geological, and hydrological conditions of the original foundation; construc-
tion technology; environment; high-fill depth; and the construction time. Many studies focus on numerical analysis;
however, most only include a small amount of monitoring data for validation.
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A PCS trough of the design elevation plane will occur due to the variable thickness of a high-fill foundation, which
must be compensated with increased earthwork volume (IEV). Many researchers have proposed useful methods for
earthwork calculation. Easa [6, 7, 9] applied the linear programming method, modified average-end-area method,
a mathematical model, and Monte Carlo simulation method to compute earthwork volume. These statements are
extensively used in the actual engineering process of balancing cut and fill calculation. Goktepe et al. [15] presented
a weighted ground elevation method to minimize the amount of earthwork in the geometric design of highways.
Kim et al. (2001) introduced two methods that used vector and parametric representations to either estimate the
cross-sectional areas of the excavation precisely or to minimize errors in the calculation of total earthwork cost. With
the development of computing and exploration technologies, accurate calculation methods have been established
to calculate earthwork volume. Aruga et al. [1] developed a forest road design program based on a high-resolution
digital elevation model for a light detection and ranging system. Bao [4] used the digital terrain model of earthwork
calculation in land consolidation. Kerry et al. [20] proposed a 3D method of calculating roadway earthwork volume
based on 3D laser scanning.

The aforementioned digital methods for computing earthwork volume may be accurate in given geomorphic
conditions, but these techniques may be unsuitable for the surface settlement of high fill during consolidation.

Thus, the current study has the potential to estimate the surface PCS of high fill based on large amounts of
monitoring data. This work also proposes an empirical equation for computing the final PCS. Then, the IEV may
be calculated using 3D finite element method (FEM) using this equation.

2. Project review
2.1. Project description

Liliang Airport was located in Shanxi Province. The post-construction deformation of the high fill was investi-
gated in the test section to guide the design and construction of this fill. The fill test was conducted in a deep loess
gully that was 700 m long, 50 m to 300 m wide, and 50 m to 100 m deep. The longitudinal slope was 7.1%. The
upstream and downstream cross-sections of the valley are denoted by the letters “V” and “U.” The landform and
the project profile of the high-fill test section are shown in Fig. 1.
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Fig. 1. Profile of the high-fill test section in Liiliang Airport.
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Table 1
Parameters of different layer soil

Layer Water content w(%) Dry density pd(g/cm3) Void ratio e Liquid limit wi(%) Plastic limit wy(%) Thickness (m)
®, g, 23.66 1.60 0.696 252 15.89 1.7~6.5
®, 0,9 15.65 1.44 0.882 24.72 15.75 1.5~19.3
@, 05! 15.84 1.63 0.663 24.98 16.21 6.5~17.8
@, 03! 16.97 1.56 0.741 24.87 16.08 3.1~215
Ol 21.36 1.65 0.647 29.29 17.49 2.9~14.6
@, N,° 22.00 1.64 0.663 29.91 17.53 12.0~19.5
@, N,b 21.53 1.67 0.628 30.13 17.66 13.5~24.6

Original High fill
foundation

Longitudinal section
Top of the high fill l

k=0.95+0.05

Ordinary Runway pavement region

region k=0.93+0.03 k=0.93

Fill slope region

Original foundation

Fig. 2. Design of the high fill with different compaction degree (k).

2.2. Geological property

The original soil foundation was composed of Q5 loess, O3 loess, silty clay, and bed rock with sand—shale. The
fill material was mainly composed of Q3 and Q> loess. The physical indices of different soil layers are presented in
Table 1. As per the results of the heavy compaction test on the fill, the optimum water content of loess was 13.3%.
Its maximum dry density was 1.91 g/cm?>.

2.3. Design of the high fill

The high fill was divided into three regions, namely, the ordinary, runway pavement, and fill slope regions.
Figure 2 shows the design scheme of the high fill. The water content of the fill material was controlled between
11% and 15%, and the compaction degree was maintained between 0.90 and 0.98.

To design the original schemes of foundation treatment, vibration and impact rolling compaction methods were
adapted to enhance the compaction degree and the stability of the high fill, as well as those of the original soil
foundation. This scenario was provided in Table 2.
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Table 2
Fill methods and compaction degree control standards of high fill
Regions Below runaway Compaction method Loose laying Compaction Fill material
pavement depth degree
Runaway pavement 0~1m vibration and impact rolling 4x%0.35m,1.0m 0.93+0.05 0> loess
1~20m vibration and impact rolling 5x04m,1.5m 0.93+0.03 Q3 loess
20m~H vibration rolling and dynamic compaction 20 x 0.4 m,6.0m
Fill slope 0~20m vibration rolling 0.4m 0.90 0>,03 loess
20m-H 0.4m 0.93
Ordinary 0~1m 3x0.45m 0.90 03 loess
1 m~H 0.5m 07,03 loess
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Fig. 3. Surface monitoring points of the high fill.

The amount of dynamic compaction energy was 3000 kNm. The depth of the treatment varied from 4.0 mto 7.0 m.
The ordinary and fill slope regions were compacted using a vibrating roller. First, the runway pavement region was
compacted by the vibrating roller. Then, the impact rolling method was applied to increase fill compaction degree
when the increased depth of the fill was 1.5 m at each construction circulation. Finally, the dynamic compaction
method with an energy level of 3000 kNm was adapted to enhance compaction degree further when the increased
depth of the fill was 6.0 m.

3. Methods
3.1. In situ tests

To determine PCS regularity, the monitoring points of surface settlement are mainly situated on top of the high
fill. Digital electronic level was used to monitor the surface settlement. The geometry of the top of the high fill and
the location of the monitoring points are displayed in Fig. 3.

The high fill airport was constructed gradually starting from May 2009 and was completed in May 2010. PCS
monitoring was initiated at this point. The monitoring process lasted 342 days and was stopped as a result of the
implementation of infrastructure construction.
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Fig. 4. Calculation of the resultant IEV from PCS.

During the construction stage, in situ test data were recorded only once when the increased fill depth was 2 m to
3 m. During the post-construction stage, these data were registered once every 10 days during the first 3 months,
once every 15 days during the middle 6 months, and once every 30 days during the final 3 months.

3.2. IEV calculation with FEM

In high fill engineering, the parameter related to fill elevation and compaction degree must be designed. However,
the average fill rate, construction time, and weather conditions are stable when duration time was considered. The
PCS of high fill varies in a wide range. Thus, volume loss as a result of PCS must be compensated with increased
earthwork up to the designed elevation.

In theory, the contour curves of the topography of the original loess gully, design elevation of high fill, and PCS
should first be obtained to calculate IEV accurately. The 3D coordinates of this scenario can be expressed as follows:
Z(X;,Yi,Hp), Z(X;,Y;,H;), and Z(X;,Y;,Hy;). These coordinates are displayed in Fig. 4.

Hp was the design elevation of the top of the high fill; H; was the elevation of the original loess gully; and H
was the elevation of the top of the high fill as a result of PSC. The depth of high fill H was equal to Hp — H;. The
PCS Sp; was equal to Hp — Hy;.

Figure 4 illustrates the settlement trough of the high fill and the landform of the original loess gully. The surface
of the design elevation of the high fill (Zp), surface of the landform of the original loess gully (Zp), and surface
generated through PCS (Z) are expressed in 3D coordinate systems using the following equations:

Zp = F(X,Y), (D
Zo=Go(X,Y), 2
Zs =Gs(X,Y). 3



48 C.-H. Zhu / Post-construction settlement estimation and increased earthwork volumes calculation of high loess fill

(a) 3D contour line of the high fill
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(b) Curves of S/H versus duration time D

Fig. 5. Curves of S/H versus duration time D of the key points.

The volume of high fill can be expressed as follows:

Vo = / [F(X,Y)— Go(X, Y)ldxdy. (@)
The IEV attributed to PCS can be written as follows:

Vi= // [F(X,Y)— Gs(X, Y)ldxdy. 4)

These equations cannot be expressed by an explicit equation given the irregular surface of the loess gully and the
top of the high fill. However, the IEV can be calculated using FEM with ANSYS software. The detailed computing
processes are presented in the subsequent section.

4. Results and discussion
4.1. Influence of duration time on PCS

The hyperbolic curve was used to estimate and determine the relationship between PCS and duration time based
on finite monitoring data. The compression ratio S/H was defined to compute the total vertical strain of the high fill
and foundation. S was the PCS of the top of the high fill, and H was fill depth. Figure 5 shows the curves of S/H
(mm/m) versus duration time D (days) as per the monitoring data of the key points positioned on the top of the high
fill.
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The average curve of S/H versus duration time D can be expressed as follows:
S/H = D/(14.5+ 0.235D). (6)

The figures indicate that the compression ratio of the high fill surface increased over time and remained stable
after three years. In the P-2, for example, the stable PCS value was 487.0 mm and the uncompleted PCS value was
164.0 m (the completed PCS was 323.0 mm over 342 days).

4.2. Influence of fill depth and rate on PCS

We suppose that ¢ (days) was the average fill duration time. v (m/day) was the average fill rate, which was equal
to H/t. v varies from 0.05 m/day to 0.42 m/day, as illustrated in Fig. 6. The relationship between the surface PCS
and either fill depth or fill rate was determined using the statistical analysis method on the basis of PCS monitoring
data and fill records, as indicated in Fig. 7(a) and (b).

Figure 7(a) shows that the curve of PCS versus fill depth can be fitted with Equation (7) as follows:
S =2.9322H + 17.256. @)

Figure 7(b) suggests that the relationship between the PCS of the high fill and average fill rate can be expressed
as follows:

S = 0.1958 EX P (15.255v). (8)



50 C.-H. Zhu / Post-construction settlement estimation and increased earthwork volumes calculation of high loess fill

—— Measurement (k=0.90) —— Measurement (k=0.93)
—— Measurement (k=0.95) —e— Measurement (k=0.98)

60

40+

30F

Detecting numbers -

10+

1 A 1 R 1 |
090 092 094 096 098 1.00

Compaction degree

0 1
0.86  0.88

Fig. 8. Design compaction degree versus measured data.

This equation indicates that the PCS of the high fill increased linearly with an increase in the average fill depth.
Moreover, the PCS of the high fill increased exponentially with an increase in the average fill rate. Therefore, fill
rate should be reasonably controlled to reduce PCS and to meet the requirements of high fill.

4.3. Influence of compaction degree on PCS

Compaction degree influences the PCS of the high fill. The actual compaction degrees of the high fill in different
regions and elevations were detected and contrasted with that of the design. Figure 8 suggests that the local minimum
compaction degree was 5% lower than that of the design, that the maximum value was 2% higher than that of the
design, and that the actual compaction degree was 1% lower than the standard design requirements.

We suppose that integrated compaction degree (k) reflected the degree of fill and foundation treatment. This
variable can be expressed as follows:

n n
k= Hki /> H. 9)
i=1 i=1

where k; was the compaction degree of the unit fill depth and H; was the fill depth with the compaction degree
of k,' .

Thus, the relationship between compression ratio and fill depth can be determined using the statistical analysis
method, as illustrated in Fig. 9. Compression ratio decreased with an increase in fill depth at the same compaction
degree area. Nonetheless, further analysis suggests that compression ratio also decreased with an increase in inte-
grated compaction degree, as displayed in Fig. 10. The relationship between compression ratio and integrated
compaction degree can be expressed as in Equation (10):

S/H = —9.7647k + 9.9538. (10)

In addition, the integrated compaction degree increased by 3% and the compression ratio decreased by 10% to
50%. Thus, the PCS of the high fill can be effectively reduced by increasing the integrated compaction degree during
the construction stage.
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4.4. Empirical equation of PCS

The previously presented results show that the PCS of the high fill was closely related to fill duration time under
step loading (?), fill depth (H), average fill rate (v), integrated compaction degree (k), post-construction time (D),
and geomorphic conditions. Thus, PCS can be expressed as follows:

Sp=f(uk HtD..). (11)

The proposed empirical equations reflected the actual interaction effects among the aforementioned influence
factors. When large volumes of statistical monitoring data regarding the PCS, step filling process, and integrated
compaction degree during construction are summarized (Table 3), the PCS of the high fill that was associated with
v, k, H, and D can be expressed as in Equation (12):

2D

Sp = 0.130SEX P (15.25 7
D (15.250) + <43.5 +0.705D

— 651k + 6.64) H (12)

The maximum error between the monitored PCS and the estimated PCS was 17%. The average error was 8%.
Therefore, the estimation error determined using the empirical equation [Equation (12)] can satisfy the requirements
of major geotechnical engineering design.
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Table 3
Estimation of the PSC of the monitoring points using Equation (12)
Key points H (m) t (days) v (m/d) k D=217 days D=217 days Absolute error
Monitoring -S (mm) Estimation-S (mm)
P-3 78 219 0.36 90% 244.1 264.0 8%
P-4 48 155 0.31 91% 167.7 155.7 7%
P-5 4 16 0.25 90% 19.0 17.9 6%
P-6 7 20 0.35 91% 50.1 47.8 5%
P-8 69 291 0.24 94% 204.4 193.9 5%
P-9 57 136 0.42 93% 224.7 238.1 6%
P-10 10 25 0.40 95% 87.3 85.2 2%
P-11 15 40 0.38 96% 78.5 82.1 5%
P-12 47 120 0.39 95% 166.7 178.5 7%
P-13 61 211 0.29 93% 190.1 182.0 4%
P-14 30 77 0.39 93% 114.5 134.1 17%
P-15 19 48 0.40 92% 104.8 113.0 8%
P-16 11 32 0.34 90% 51.3 57.8 13%
P-17 20 65 0.31 91% 65.2 73.0 12%
P-18 53 210 0.25 92% 142.3 158.3 11%
P-19 30 100 0.30 90% 90.4 102.8 14%
P-22 19 48 0.40 88% 112.4 118.0 5%
P-23 22 55 0.40 90% 115.2 124.5 8%
P-24 11 32 0.34 89% 54.3 58.5 8%
P-25 4 16 0.25 90% 16.4 17.9 9%

4.5. Estimation and validation of IEV

On the basis of the FEM, the calculation process of the IEV can be expressed in the following steps:

(1) The parameters v, k, and H are obtained according to the daily fill records. Furthermore, PCS (Sp) can be
calculated using Equation (12) when duration time D = 100 years. Key points are selected to estimate the PCS
for calculating IEV. The analysis results are listed in Table 4, and the XOY coordinate system was exhibited
in Fig. 3.

(2) As per Table 3, the 3D coordinate system of the key points (X, ¥, Sp) can be imported into FE software.
The irregular surface attributed to PCS can be fitted with a triangulated irregular network on the basis of the
key points. The volume between the design elevation plane and the fitted irregular surface was determined.
Then, the FEM of the IEV was meshed with the element type named SOLID45. All of the meshed element
volumes are calculated using ANSYS Parametric Design Language.

(3) The calculated IEV was the designed volume of the compacted soil that fills the settlement trough. The actual
IEV was the cut volume of the original soil. As such, the design compaction degree and the natural density
of the original soil are considered in the computation of the actual IEV.

The test section of the Liiliang Airport was taken as an example. The FEM of the IEV attributed to PCS can be
meshed as depicted in Fig. 11.

Given the 3D finite element mesh, IEV can be exported from ANSYS software. IEV V; was calculated to be
6398 m>. When the coefficient of volumetric expansion and the compaction degree of the fill are considered, the
actual IEV V was calculated as follows:

V= VSpdmax (1+wop)k’ (13)
Lo

Where, V was the actual IEV. pguqx Was the maximal dry density of the loess, which was equal to 1910 kg/m?.
wop Was the optimum water content of the loess, which was equal to 13.3%. po was the natural density of the
undisturbed loess, which was equal to 1710kg/m>. k was the design compaction degree of the loess, which
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Table 4
Estimation of PCS for earthwork volume calculation
No. X(@m) Y (m) k v (m/day) H(m) Sp (mm) No. X (m) Y (m) k v (m/day) H (m) Sp (mm)
1 61.5 0.0 96% 0.29 10.61 449 70 111.5 127.5 0.900 0.41 69.43 -318.6
2 111.5 50.0 96% 0.29 1094 —46.0 71 91.5 127.5 0.930 0.41 59.04 -269.6
3 263.0 70.0 96% 0.29 12.01 494 72 61.5 127.5 0.930 0.41 59.86 -272.4
4 243.0 50.0 91% 0.29 10.00 464 73 41.5 127.5 0.930 0.42 70.57 -320.1
5 243.0 140.0 92% 0.29 13.61 -58.3 74 29.0 127.5 0.930 0.43 74.19 -345.5
6 263.0 1275 90% 0.29 12.53  -56.1 75 16.5 127.5 0.930 0.44 74.05 -360.2
7 223.0 160.0 90% 0.29 1718 -729 76 0.0 127.5 0.930 0.42 74.66 -334.1
54 111.5 140.0 90% 0.33 59.61 -2354 123 131.5 50.0 0.930 0.41 14.45 -117.2
55 131.5 140.0 90% 0.29 46.21 -177.8 124 61.5 50.0 0.930 0.41 38.84 -200.5
56 151.5 140.0 90% 0.29 33.13 -130.6 125 41.5 50.0 0.930 0.41 38.84 -200.5
57 171.5 140.0 90% 0.29 29.03 -115.8 126 29.0 50.0 0.930 0.41 29.72 -169.3
58 191.5 160.0 90% 0.29 17.09 -724 127 16.5 50.0 0.900 0.41 29.72 -175.2
59 191.5 140.0 96% 0.29 2739 -99.0 128 0.0 50.0 0.900 0.41 25.20 —158.8
60 203.0 160.0 96% 0.29 16.11 -62.7 129 0.0 30.0 0.910 0.41 14.58 -119.5
61 203.0 140.0 96% 0.29 2191 -81.3 130 0.0 0.0 0.900 0.41 2.32 -76.2
62 2230 140.0 96% 0.29 1532 -60.1 131 16.5 30.0 0.900 0.41 15.72 -124.6
63 243.0 1275 96% 0.29 13.74  -55.0 132 16.5 0.0 0.900 0.41 6.32 -90.6
64 2230 1275 96% 0.29 18.85 715 133 29.0 30.0 0.920 0.41 21.61 -143.0
65 203.0 1275 95% 0.41 28.92 -162.8 134 29.0 0.0 0.940 0.41 8.34 -95.7
66 191.5 1275 94% 0.41 32.60 -177.1 135 41.5 30.0 0.926 0.41 24.49 -152.1
67 1715 1275  95% 0.41 39.37 -197.2 136 41.5 0.0 0.930 0.41 8.68 -97.4
68 1515 1275 92% 0.41 50.34 2437 137 61.5 30.0 0.961 0.29 20.48 -76.7
69 1315 1275 90% 0.41 61.17 -288.8 70 111.5 127.5 0.900 0.41 69.43 -318.6
IEV due to PCS Volume of high fill

S, =f(v.k,H,1,D...)

_

Fig. 11. Calculation of the IEV by FEM.

was equal to 98% of the optimum density. As such, the actual IEV was calculated as 6398 m> x 1910 x (1 +
13.3%) x 98%/1710="7935 m>.

As per the calculated IEV, the settlement trough of the top of the test section was filled with natural Q3 loess
1.2 years after the completion of the project. This trough was generated by PCS. The final actual IEV was 8122 m?
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and was greater than the estimated volume because of the volume lost during transport, error in natural density,
controlled compaction degree, and calculation method. In summary, the calculated volume was similar to the actual
volume, thus indicating that the arithmetic mean was effectively applied to earthwork engineering.

5. Conclusions

The estimation of PCS was investigated based on in situ tests and FEM. Moreover, the IEV of the high fill was
calculated. The following conclusions can be drawn:

(1) The PCS of the high fill was not only relevant to post-construction time but also to construction time,
average fill rate, fill depth, average compaction degree, and the original topographic conditions. Hyperbolic
and linear curves can be used to estimate compression ratio versus duration time and versus integrated
compaction degree, respectively. The relationship between the PCS and fill depth can be analyzed using
linear regression. The curve of PCS versus average fill rate can be expressed as an exponential equation.

(2) The empirical equation of PCS was established through the statistical analysis of numerous monitoring
data. These data include fill depth, average compaction degree, average fill rate, and construction time.
The proposed empirical equation can meet the requirements of the engineering design. Moreover, the FEM
method based on this equation was simply used to calculate IEV when the shape of the surface was irregular
as aresult of PCS. The amount of IEV estimations were close to the indeed values in this work, it shows that
the estimation method using FEM is suitable for the high fill loess in the gully.

(3) The empirical equation of PCS proposed in this work may be suitable for the engineering applications with
specific design and construction technologies and under particular geographic conditions. The coefficient of
the empirical equation may be modified in other projects. Moreover, the IEV calculation method based on
FEM may be inaccurate as a result of either the PCS estimation error or the volume loss of earthwork during
transport. This issue will be the topic of subsequent research.
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