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Abstract: Geogrid-reinforced piled embankments (GRPEs) provide an economical and effective way
to construct highways and railways on soft soil foundations. This paper proposed a new design
method for GRPEs. The method was based on the soil arching and tensioned-membrane effects,
the bearing capacity of the subsoil was considered as well. The originality of the proposed method
lies in considering the stress history of the subsoil, and different over-consolidation ratios (OCRs)
were used in calculating the settlement of subsoil. This design method, initially, established the
vertical equilibrium of the unit body between the pile caps immediately above the subsoil. After
that, the design charts were produced by solving the overall equilibrium equation from which
engineers can intuitively obtain the maximum strain of reinforcement, and the tensile force can
be used in the ultimate limit state analyses. The design method was then validated by three case
studies, which showed good reliability with the maximum error being less than 18%. Parameter
study results indicated that the maximum strain of reinforcement for the under-consolidated soil was
80-120% larger than that for normally consolidated soil and more than four times greater than that
for over-consolidated soil.

Keywords: geogrid reinforced; piled embankment; design method; maximum strain; subsoil
settlement; stress history

1. Introduction

Geogrid-reinforced piled embankments (GRPEs) have been widely used in highway
and railway projects built on soft soil foundations. The soil arching and tension membrane
effects play an important role in the load transfer mechanism of GRPEs. A large num-
ber of experimental and numerical studies on this topic have been conducted by many
researchers [1-8].

The bearing capacity of the subsoil should not be neglected in design, and it provides
certain support to the upper embankment, although it usually has high compressibility,
low shear strength, and a long consolidation time. Filz and Smith’s [9] method considered
the influence of subsoil when calculating the deflection of geosynthetics under linear elastic
conditions and demonstrated that the subsoil contributes to the support of the embank-
ment’s residual load. Zhuang et al. [10] presented that subsoil has a major contribution
to the overall vertical equilibrium of GRPEs. Zhuang and Ellis [7] demonstrated the non-
negligible bearing capacity of subsoil in long-term conditions, and the support of subsoil
reduced the reinforcement tension. Therefore, a design that does not take into account the
bearing capacity of the subsoil may become overly conservative. In addition, engineering
practices have shown that soils with different stress histories have diverse strains under
the same stress. Grammatikopoulou et al. [11] and Zhang et al. [12] noted that the stress
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history affects the soil stiffness, which in turn causes differences in soil settlement. Different
stress histories would cause various consolidation coefficients of the subsoil [13], which
determines the consolidation rate of the soil. Therefore, the stress history is an important
factor in calculating the settlement of subsoil.

Many researchers have developed design methods to analyze the performance of
GRPEs. However, the current design methods mainly target either one or some aspects of
the load-transfer mechanism, and there is an absence of clear and comprehensive guidelines
available for the design of GRPEs. British standard BS8006 [14,15] provides engineers with
a relatively recognized design method for GRPEs, but the support of the subsoil was not
considered. Van Eekelen et al. [16] and Zhuang and Ellis [5] analyzed and modified the
BS8006 [14] in terms of the calculation method of the tensile force and the reinforcement
sag for the 3D situation, respectively. The bearing capacity of the subsoil was, however, not
taken into account in both approaches.

Russell et al. [17] proposed a design method for GRPEs and considered the bearing
capacity of the subsoil. The method was used to estimate the magnitude of arching taking
place in the embankment fill material and to calculate the tension in the reinforcement.
Zhuang et al. [10] built a simplified model to simulate the GRPE. The model was then used
to assess the contributions of the reinforcement and the subsoil. Zhuang and Wang [18]
developed an analytical solution for GRPEs where the load-transfer mechanisms accounting
for soil arching, tensioned-membrane effects of the reinforcement, and the role of the subsoil
were investigated. Pham and Dias [19] presented a simplified model for the analysis of
GRPEs considering subsoil consolidation. However, all the methods mentioned above
ignore the effect of stress history on subsoil settlement. This was also the case in some
other related studies (e.g., Deb and Mohapatra [20]; EBGEO [21]; Lu and Miao [22]; Van
Eekelen et al. [23]; Zhang et al. [24]; Zhang et al. [25]; Pham [26]).

In addition, previous design methods were usually expressed in the form of com-
plicated equations, to be solved by software or difficult mathematical operations, which
entailed higher requirements for engineers and proved inconvenient for promoting the
application. EBGEO [21] solved this problem by expressing the design methods through
diagrams, based on the soil arching model proposed by Kempfert et al. [27,28] and
Zaeske [29,30]. However, this method ignored the effect of reinforcement when deter-
mining the stress distribution in the embankment. The settlement of the subsoil also did
not consider the influence of stress history.

In this paper, a new design method for GRPEs was developed under the framework of
Hewlett and Randolph’s [2] soil arching model and the BS8006 [14] reinforcement method
modified by Zhuang and Ellis [5,7]. Additionally, the design method incorporated the
settlements of subsoil considering different stress histories. The vertical equilibrium of the
unit body between the pile caps immediately above the subsoil was established, then the
design charts were plotted with contour lines by solving the overall equilibrium equation.
Engineers can obtain the maximum strain of reinforcement through the charts to perform
the ultimate limit state analyses and verify whether the tensile strength of reinforcement
meets the requirements of serviceability. These charts were easy to use and provided a
guideline for engineering design.

2. Design Method Development
To develop the design method, the following assumptions were made:

(@) The embankment fill is homogeneous, isotropic, and cohesionless.

(b) The subsoil is made up of homogeneous, isotropic, and elastoplastic materials, while
the pile is elastic.

(¢) The reinforcement is homogeneous and transversely isotropic.

(d) The sag of the reinforcement is equal to the settlement of the subsoil.

(e) The pile is an end-bearing pile. There is no friction between a pile and the surroun-
ding subsoil.

(f) The embankment fill, subsoil, and piles deform only vertically.
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(g) The settlement of the bearing stratum is 0 m, and piles are sufficiently rigid and
undergo insignificant deformation.

2.1. Soil Arching

Hewlett and Randolph [2] conducted 3D model tests and presented a semicircular
model (in 2D) or a hemispherical dome model (in 3D) to describe the arching as having
a uniform thickness and no overlap. Here, the method assumed that the pressure acting
on the subsoil was uniform. By analyzing the vertical equilibrium of the elements at the
‘crown’ of the soil arch (Figure 1), the equation was expressed as follows:

dog  2(or —or)
®RTTrR T M

o, +do,

Figure 1. Detail of an element of the soil arch at the crown of the dome.
In the limit, the ratio of tangential stress, o7, to the radial stress, oy, is

1+ s
or _(4sing) g @
or (1—sing)

where 7 is the unit weight of the embankment fill, Kp is the Rankine passive coefficient of

earth pressure, and ¢ is the friction angle of the embankment. Substituting Equation (2)

into Equation (1) and replacing ot by oz,

do R 2(1 —K p) o
wRTTR R ©

The surcharge at the surface of the embankment, g, is considered. The inner radius
isR=(S—1b)/ v/2 and the outer radius is R = S/+/2, which, respectively, corresponds to
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the stress o; and og = y(H — S/v/2) + g. Solving the differential equation (Equation (3)),
subject to these boundary conditions, yields the following:

o S 2Kp—2 b 2Kp=1) S—b
o= [y(H-—= )+9]]X[(1*§) ]Jr’Ym/

V2 2Kp—3
where 07 is the stress acting on the inner surface of the dome at its crown, H is the height of
embankment, S is the center-to-center pile spacing, and b is the pile cap width. The acting
point of o; corresponds to a height of (S — b) /+/2 above the base of the embankment. Thus,
the total normal stress acting on the subsoil is as follows:

4)

S—b
Under a soil arching condition, the total normal stress acting on the subsoil is given by
Equation (5). Substituting Equation (5) into Equation (4) gives the following;:

Oe =0+ %)

B S 2Kp-—2 b 2Kp—1) S—b (2Kp—2)

2.2. Effect of the Reinforcement

The reinforcement bridges the subsoil between the piles by membrane action (see
Figure 2, where T}, is the tensile force of reinforcement, and ¢, is the sag of the reinforcement,
nothing that 6, = v, y is the settlement calculation of subsoil). The reinforcement is loaded
by the surcharge of the embankment filled above it. The load carried by the reinforcement
may be reduced by the soil arching developed in the embankment fills and decrease once
the support of the subsoil prevails. There exists a relationship between the reinforcement
sag and the reaction pressure induced by the subsoil. The subsoil reaction pressure roughly
increases when the reinforcement sag rises, which degrades the effect of the reinforcement.

Deformed .
reinforcement Reinforcement
L _ B
Pile / Soft subsoil \ Pile
! 1 | |
| S |

Figure 2. Membrane action of reinforcement.

According to the Hewlett and Randolph approach in the 2010 and 2012 versions of
BS8006 [14,15], the distributed load, Wr, carried by the reinforcement between adjacent
pile caps can be written as follows:

Wr = Soy @)

and
Wr = 0.5(S + b)oy, 8
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where 07 is the nominal vertical stress acting on the reinforcement. Zhuang and Ellis [5]
gave an expression of the tensile load in the reinforcement, Trp, based on BS8006 [15],
as follows:

1 S—b
Trp ~ 0.35]3 [Wr( ? )3, )

WIN

where ] is the long-term secant stiffness of the reinforcement, noting that T, = J¢, in which
€ represents the strain mobilized in the reinforcement. Zhuang and Ellis [5] pointed out that
the equation of maximum sag in the reinforcement spanning between pile caps in BS8006
was assumed to be S — b rather than the diagonal, which is /2 times longer, and therefore,
they revised the equation, which is shown as Equation (10).

3Ty
4]

After substituting Equation (9) into Equation (10), Equation (11) was obtained
with rearrangement.

Y _ (%)05 = (

y 3 S — b
74)(g15)" ~ Wr(Z5) an
Zhuang and Ellis [5] concluded that Wt in BS8006 [14] produced a better prediction
than in BS8006 [15], and Wr in the former version was adopted in this study, which

eventually meant that o, could be expressed by Equation (12) as shown below.

T4y
NS5 b5 b (12

2.3. Subsoil Settlements

The settlement of the subsoil increases the sag of the reinforcement in GRPEs. The soil
arching of the embankment is possibly affected by the settlement of the subsoil, and thus, it
may not be advantageous to ignore the subsoil settlement when the response of a GRPE is
investigated. In practical engineering, the history of the stress ever experienced by the soil
has a great influence on its settlement. Considering the stress history makes the settlement
results of the subsoil more accurate.

The long-term stress history of the soil is usually characterized by the pre-consolidation
pressure of the soil, which denotes the maximum consolidation pressure that the soil mass
has been subjected to. The pre-consolidation pressure in soils is usually determined through
the odometer test, during which a semilogarithmic one-dimensional consolidation curve
(i.e., e-lgp in Figure 3) is acquired. Thereafter, the Casagrande [31] empirical graphing
method is adopted to obtain the pre-consolidation pressure (see Figure 3).

V
________ 1
=
I N
1 R
|
|
|
: e-lg pcurve
|
|
|
I
|
|
|
|
E
O

P p(lg)

Figure 3. Casagrande empirical graphing method.
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The current overburden pressure imposed on natural soils may be greater than,
equal to, or less than the pre-consolidation pressure, corresponding to the varied over-
consolidation ratios, noting that OCR <1, OCR =1, and OCR > 1. The settlement calculation
of the subsoil varies when varied stress histories are involved.

(a) IfOCR =1, then

h (1 + 4a)os
= Cclg(1l4+ ——+2); 13
U clg(1+ ol ) (13)
(b) IfOCR<1,
h yoh + (1 + 4a)os
= 1 ; 14
Y= g, Cclsl 2 ) (14)
(¢) IfOCR>1,
when Ap < (pc — p1),
h (14 4a)0s
= — Colg(1l + ——~-22); 15
Y= 13 CB0 ) (15)
when Ap > (pc — p1),
l’l ch C ')’0h+(1+40()0—5 C
= lg[( 2Pe)Gs . cl. 16
v= Tl o) (R (16)

In Equations (13)-(16), o5 is the vertical stress carried by the subsoil; & is the height
of the subsoil; g is the unit weight of the subsoil; ¢y is the initial void ratio; C. is the
compression index; C; is the recompression index; p. is the pre-consolidation pressure; and
« is the vertical additional stress coefficient under uniform rectangular load.

2.4. Overall Equilibrium

The innovation of this design method is to consider the settlement of the subsoil under
different stress histories. In order to obtain the settlement of the subsoil, the vertical stress
carried by the subsoil must be determined. In the GRPE, it can be calculated by combining
the expressions of the soil arching and tension membrane effects.

Zhuang and Ellis [5] estimated the reinforcement tension in a piled embankment using
the amended versions of British standard BS8006 [14,15]. However, the BS8006 [14,15]
excluded the contribution from the subsoil beneath the embankment. Zhuang and Ellis [7]
modified it by incorporating both the bearing capacity of the subsoil and the tensile
reinforcement. Based on their studies and taking into account the unit body between
the pile caps immediately above the subsoil (see Figure 4), we can express the vertical
equilibrium equitation as shown in Equation (17):

O = 0y + 05, (17)

where 0 is the vertical stress acting on the base of the arching embankment, ¢; is the vertical
stress carried by the reinforcement, and o5 is the vertical stress carried by the subsoil.
Here, it is assumed that the sag of the reinforcement is equal to the settlement of the
subsoil. With the surface settlement of the subsoil quantified by Equations (13)—(16), the ver-
tical stress shared by the reinforcement was updated when substituting Equations (13)—-(16)
into Equation (12). After that, Equation (6) and the updated o, were substituted into
Equation (17), and an equation for o5 was then obtained (i.e., Equations (18)—(21)).
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Figure 4. Stress analysis of the GRPE.
For normally consolidated soil, the equation of o5 is given by
_ 2(Kp—1)
o5 =[y(H— 55 3=3) +al x (1= ] as)
S—b . (2Kp—2) _ 7.4b] (1+4a)175 3
TR @K ) s(s-b)4[ (1+ )l
similarly, for the under-consolidated soil,
2(Kp—1)
oo =[y(H- 35 )+l x (=57 19)
o S=b (2Kp=2) __74b] [ (70h+(1+4“)0’s)}3
T2 @Ke=3) T S(sp)t T
and for the over-consolidated soil,
2(Kp—1)
o = [y(H - 5 22y g x [ - 5P o
S—b (2Kp—2) 7.4b] h (1+4a)0s \13
e (2K1€—3) ©5(5-b)* [1+eo Cilg(1+ W)]
or 2(Kp—1)
_ - —p (2Kp—2
o = [r(H = 35 33 +al < (0= 87 45 (i
(21)

C cc113
7.4b] h 2pc \ 75/ yoht+(1+4a)os \ €
S(Sb)4{ 1+e01g[(W) (T ) } }

2.5. Design Charts for the Analysis of Maximum Strain in Reinforcement

The maximum strain in the reinforcement can been given by design charts, which
have the advantage of being more intuitive and easier to use.

The vertical stress carried by the subsoil, 05, can be acquired through iteration with the
implicit solutions listed in Equations (18)—(21). The surface settlement of the subsoil, y, was
then calculated by substituting os into Equations (13)—(16). The strain of the reinforcement,
¢, was thereafter obtained with Equation (10).

(22)
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The normally consolidated soil is presented here as an example, under which condition,
e is given by
4 h*Cc? 4o +1)0,
£ == < 2U8(14‘£‘§;t‘)‘£
3(s—0)"(1+eo) Toh

The design charts are shown in Figure 5, plotting the maximum strain in the reinforce-
ment (i.e., €) in ordinate versus a dimensionless term correlated to the vertical stress carried
by the subsoil, shown in Equation (24), in abscissa.

)J%. (23)

(4o +1)05
Ig(l4 ——— 24
8l o ) (24)
(s=b)1+e))
. . . X . X 040 =—"—""""
6.0 0.05 0.10 0.15 0.20 0.25 0.30 hCC
Ssq ] 0.20___4 50

5.0

Maximum strain € [%]

050 0.05 0.10 0.150.20 0.250.30 040  0.50 0.60
) 0.

__________________ A A hC,.
0.45 0.70
0.40
S 0.80
— .
= 030
s
b=
2 025 0.90
0.04
E o [T S S
2
b= 0.15
0.10 1.50
57 (s —b)
0.05 AL LT T T T 0.02.
= 1+4a)o,
0.00 -n----|----|----|1g[1+( h)]
0.00 0.01 0.02 0.03 0.04 7o
(b)
Figure 5. Design charts for a GRPE with a normally consolidated subsoil; (a) Full-scale chart;
(b) Enlarged chart.

In the design charts, the horizontal dotted line represents the settlement of the subsoil
but normalized by the term ‘s—b’, which is, therefore, dimensionless. The contours show
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another dimensionless fraction somehow representing the coupling effects of the embank-
ment geometry and the subsoil properties. It is an inverse of the square root of the first
multiplier in Equation (23) as shown in Equation (25).

(s —b)(1+eo)

ICe (25)

The maximum strain of the reinforcement can be obtained by substituting the values
of Equations (24) and (25) into the charts. Similarly, Figures 6-8 show the maximum
strain curves of reinforcement for under-consolidated soil and over-consolidated soil.
Among them, the over-consolidated soil was divided into two cases to discuss according to
Equations (15) and (16). These charts are intended to provide a guideline for the design of
practical engineering; engineers no longer need to do complex mathematical calculations.

(s=b)1+¢,)
6.050-050.100.15020025030 040 050 0.60 0.70=———"———

Maximum strain € [%]

7oh+(1+4a)o,
Y

51

|

(a)

L0005 0.10015020025030 040 050 060 .0 (S=D)1+6)

hC,
0.9 4

0.8 4

0.7 H

0.6 1 0.90

O I O O A S AR X Y A A AT

0.4 1

Maximum strain € [%)]

0.3 1

00 IH-F{-f - f- fo LA T OO 150

0.1 4

0.0 — lel
0.000 0.015 0.030 0.045 0.060

(b)

Figure 6. Design charts for a GRPE with under-consolidated soil; (a) Full-scale chart;
(b) Enlarged chart.

voh+(+4a)o,

2P, ]




Appl. Sci. 2022,12, 2536 10 of 20

Lo= (s=b)1+e))

Maximum strain € [%]

(a)
05 - 0.1 02 03 04 05 06 0.8 1.0:(S7l;1)((,1+60)
11 T ] ] [Jyis-b/ 006 , s
04
B 1.2
© ]
g 0.3+
.g ]
wn
g ] 0.04
E o2 [T s =
2 |
&
=
] 2.0
0.1 1
VL 002 >
4.0
i 1+4a)o
p—— R h)X]
0.000 0.015 0.030 0.045 0.060 >
(b)
Figure 7. Design charts for a GRPE with over-consolidated soil (Ap < (p — p1)); (a) Full-scale chart;
(b) Enlarged chart.

2.6. Ultimate Limit State Analyses

Recommendations for the design of GRPE systems are given above; the design method
not only gives the maximum strain but also can be used to perform the ultimate limit state
analyses of reinforcement in GRPEs. The following two methods exemplify how the design
charts can be used.
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(s=b)1+e,)
6.0 0.050.100.15 0.20 0.25 0.30 040=—""

5.5 0.20

5.0

4.5 Y160/ 018 /

4.0

LR I Y O B N Y Y [ A 0.60
3.0
2.5
2.0
1.5
1.0

Maximum strain € [%]

ﬁ)% '(70h +(1+4a)o,

Cs
Yoh 28, .

-_T'.'_|'-"-_.'T_|_T'|'.".'| lg[(
0.00 0.02 0.04 0.06 0.08 0.10

(@)
010 020 030 040 050 0g0= "2+
0.50 : 20 030 040 050 0 )

_______________________________

0.45 0.70

0.40
0.35

030
025 090

0.80

0.20
0.15

Maximum strain € [%]

0.10 1.50

0.05 /17 /A~ o - -
_ 2L e, nh+(+4a)o,
000 Yoo~ ...,,lg[(%h)( 2P
0.00 0.01 0.02 0.03 0.04
(b)

Figure 8. Design charts for a GRPE with over-consolidated soil (Ap > (p. — p1)); (a) Full-scale chart;
(b) Enlarged chart.

)]

(a) BS8006-recommended method

The maximum strain of the reinforcement was obtained from the charts. With the axial
stiffness of the reinforcement, the maximum tensile force (Tiax) in the reinforcement can
then be obtained.

Tmax = J¢ (26)

The maximum tensile force of the reinforcement should remain less than its allow-
able resistances:
Tmax - YT < RG,dr (27)
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where 7 is the load partial factor, and R 4 represents the design value of the resistance of
the reinforcement.

BS8006 [15] gives the formula to calculate the tensile load, Trp, per meter run in the
reinforcement induced by the distributed load, Wr, as shown in Equation (28).

Wr(S=b) f;, 1 (28)

T 6¢

When substituting Tmax into Equation (28), replacing Trp by Tmax, the distributed load,
Wr, acting across the reinforcement is then obtained. The minimum distributed load may
be assumed to depend on the area coverage ratio of the pile caps relative to the pile spacing
(b2 / 52) and the relative height of the embankment, i.e., H/(s — b), which is the embankment
height (H) normalized by the clear span between the piles (s — b). Irrespective of the arching
theory, pile layout, and embankment geometry, the geosynthetic reinforcement needs to
carry, at least, a practical minimum proportion (15%) of the embankment loading.

Wr > 0.15S - (fsvH + f49), (29)

where the f; is the partial factor for soil unit weight, and f, is the partial load factor for an
external surcharge.

(b) EBGEO-recommended method

Linearizing the short-term load-extension curve for the reinforcement at ¢ = 2.5%, and
simplifying the short-term stiffness of reinforcement to long-term,

u
JL = 75 Js, (30)

where | and Jg are the long-term and short-term stiffness of the reinforcement, respectively.
U is the utilization factor of the reinforcement corresponding to € = 2.5% in the short-term
load-extension curve.
The tensile force in the reinforcement as a result of membrane action is given by
Equation (31).
Em=c¢-JL 31)

The reinforcement in the ultimate limit state was then analyzed. The tensile force in
the reinforcement should remain less than its design resistance:

Em-ve+AEq < Rgq, (32)

where g is load partial factor, AEy is the design value of additional effects in the reinforce-
ment as a result of spreading force, and R 4 represents the design value of the resistance
of reinforcement.

The adequate tensile strength of geosynthetic reinforcement is, thus, demonstrated.
If adequate tensile strength cannot meet the requirement, and then the analysis must be
repeated by altering embankment parameters or reinforcement type until the adequate
tensile strength meets the requirements of serviceability.

3. Case Study

Three cases studies of piled embankments were used to verify the accuracy and
reliability of the design method proposed in this paper in terms of the maximum strain of the
reinforcement. The results were compared with EBGEO’s [21] and BS8006's [15] methods.

3.1. Case 1

The construction of an embankment for the Ningbo Ring Road Expressway [32] was
taken as case study no. 1. The construction site was located in a northern suburb of Ningbo,
China. The index properties of the subsoil are shown in Table 1. The embankment was at a
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height of 4.6 m. The average unit weight of embankment fill was 19 kN/m?3. The effective
cohesion and friction angle of the fill was 11 kPa and 30°. The piles were placed in a square
grid with a center-to-center spacing of 2.4 m. The pile caps had a width of 1.0 m. The tensile
strength of the reinforcement was 90 kN/m in both the longitudinal and the transverse
directions. The maximum allowable tensile strain of the reinforcement was 8%. Figure 9
shows the construction height of the embankment and the settlement of the subsoil.

Table 1. Index properties of the subsoil.

Soil Type h (m) w (%) e 7 (kN/m3) Es (MPa) ¢’ (kPa) @ (®)
Silty clay 1.5 379 1.010 18.2 3.39 224 24.7
Mud clay 6.9 52.0 1.457 17.0 1.87 18.0 24.0
Soft clay 19.1 474 1.339 17.3 217 15.0 19.6
Silty clay
(Medium 24 28.1 0.740 194 5.57 19.5 38.0
density)
500
g 400 -
E" 300 4 —a&— Settlement of subsoil center
|
E —&— Embankment height
& 200 4
A
g
o5
E 100):3 Construction time (day)
0 150 200 250 300 350 400
)
E 100
g
g
S 200 4
2
300

Figure 9. Embankment versus time curve and settlement versus time curve.

3.2. Case 2

To explore the complex time-dependent interaction between the arching stresses and
base of reinforcement settlement, the coupled load—deformation response of the subsoil
was investigated using an analytical method by King et al. [33]. The information pertaining
to the GRPE in their study is detailed in Figure 10, where v is the average unit weight, ¢ is
the friction angle of the embankment fill, and C is the compression index of the subsoil.

3.3. Case 3

The SJZA Expressway [34] connecting through Jiangsu, Zhejiang, Anhui, and Shang-
hai, with a total length of 89 km was used as case study no. 3. Briefly, K25 + 100 (denoted as
D1 section) and K25 + 135 (denoted as D2 section) were selected for the field test. The index
properties of the soil layers in the tests are shown in Table 2. The width of the embankment
was 35.0 m, the embankment height was 4.0 m, and the slope was 1:1.5. The embankment
filling was mainly composed of crushed stone mixed with sub-clay. The internal friction
angle was 35°, and the average unit weight was 22 kN/m3. All piles were arranged in a
triangle, the pile diameter was 0.3 m for the D1 section and 0.4 m for the D2 section surface.
The pile center-to-center spacing was 2.0 m for the D1 section surface and 2.5 m for the
D2 section surface. The pile lengths were 14.0 m each. The pile caps were square with a
side length of 0.9 m for section D1 and 1.0 m for section D2. Figure 11 illustrates the pile
layout of the test section. A layer of high-strength steel-plastic geogrid was laid on the top
surface of the pile support plate, with a maximum elongation of 6% and a tensile strength
of 120 kN/m.
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Figure 10. Schematic diagram of piled embankment profile.
Table 2. Physical and mechanical indexes of the soil layer.
Soil Type h (m) ¥ (kN/m3)  w (%) e Es (MPa) ¢’ (kPa) ¢’ (°)
Silty clay 2.5~3.0 19.1 27.2 0.806 5.30 0 24
Mud 2.0~3.9 17.3 59.9 1.687 1.47 0 20
Mud clay 15.0~16.5 17.1 47.0 1.318 2.07 0 22
Sub-clay 12.0~13.2 18.9 27.8 0.778 6.91 0 25
K25+100 (D1) K25+135 (D2)

4.0m
Silty clay
Mud
14.0 m w

Mud clay

0.3 m 2.0m 0.4 m 25m
- —

Sub-clay

Figure 11. The pile layout of the test section.

3.4. Comparison Results

The above three cases give the corresponding parameters of the GRPEs. The maximum
strain of the reinforcement was estimated using the present method, BS8006's [15] method,
and EBGEO'’s [21] method, respectively. For the design method proposed in this paper,
the vertical stress carried by the subsoil was obtained by substituting the parameters
into Equations (18)—(21), and then, the maximum strain of the reinforcement was directly
obtained from Figures 5-8. The results obtained were compared with the field test, which
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is detailed in Figure 12. It shows that EBGEO’s [21] method roughly underestimated the
maximum strain of the reinforcement. The method of BS8006 [15] yielded a roughly larger
maximum strain of the reinforcement as it excludes the contribution of subsoil. It can also
be noted that the results of the proposed method were in better agreement with the results
of field test when compared with the results yielded by EBGEO [21] and BS8006 [15]. The
maximum deviation was less than 18%.

6.0—_
] —&— Field test
50 —®— Present method
] —&— EBGEO
& ] —w— BS8006
E 4.0—_
=
@ ]
g 3.0—_
£
%
CVS -
S 2.0+
1.0
0.0 - . .

I I
Liu et al. Kingetal.  Xuetal (D1) Xuetal (D2)
Figure 12. Comparison of results for maximum strain of reinforcement.

4. Parameters’ Study

In the following sections, the GRPEs were analyzed using the proposed design method.
The analysis of the factors affecting pile efficacy was conducted, and the influence of the
subsoil stress history on the maximum strain of the reinforcement was investigated.

4.1. Pile Efficacy

In piled embankment structures, pile efficacy is usually defined to be the ratio of the
stress carried by the pile over the total stress acting at the base of the embankment. The pile
efficacy is an important quantification for the load transfer and the settlement calculation
of GRPE. The pile efficacy may be affected by several factors, i.e., fill height, pile cap size,
and pile spacing. Figure 13 shows the evolution of vertical stresses on the subsoil with the
variation of pile spacings. It can be seen that the pile efficacy increased with the increase
of the friction angle of the embankment fill and the increase of the ratio of pile cap width
over pile spacing (i.e., b/s). The pile efficacy significantly improves with the increase of
H/(s — b), which denotes a ratio of the embankment height over clear pile spacing, when
H/(s — D) is less than 2.5. When H/(s — D) is greater than 2.5, the increase of pile efficacy
becomes insignificant with the further increase of H/(s — b), during which soil arching may
be completely triggered.

4.2. The Influence of Stress History

Wang et al. [13] demonstrated that the effect of the stress history on the consolidation
coefficient of the subsoil cannot be ignored. The variation of consolidation coefficients
directly affects the final settlement of the subsoil and, thus, the bearing capacity of the
subsoil. According to the load-transfer mechanism of GRPEs, the decrease of the subsoil’s
bearing capacity may cause an increase of reinforcement strain.
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Figure 13. Vertical stresses on the subsoil; (a) ¢ = 30°; (b) ¢ = 32.5°%; (c) ¢ = 35°; (d) ¢ = 37.5°.

Figure 14 shows the development of the maximum strain of the reinforcement along
with the increase of the vertical stress in the subsoil under different stress histories. When
performing the calculation, s =2m, b=12m, yg =19 kN/ m3, and h = 10 m were assumed.
The compression indexes and the initial void ratios used in the calculations were extracted
from the studies performed by He et al. [35]. The pre-consolidation pressure of over-
consolidated and under-consolidated soil was assumed to be greater than and less than the
average self-weight stress of the subsoil by 5 kPa, respectively, in the calculation.

It can be seen that the maximum strain of the reinforcement increases gradually with
increasing vertical stress. Under the same vertical stress, the reinforcement on under-
consolidated soil has the largest strain—approximately, 80-120% larger than that of nor-
mally consolidated soil and more than four times greater than that of over-consolidated
soil. The line of over-consolidated soil breaks at the moment Ap = (p. — p1) when the
compression index alters from Cs to Cc (see Figure 15). There is no doubt that the maximum
strain of the reinforcement decreases with the decrease of the compression indexes.

1.0 4

—m— Normally consolidated soil ‘/ 1
—A— Under-consolidated soil / /
—e— QOver-consolidated soil /A
0.8 4
— A
= S
| ]
= / . 7
£ 06 A / .
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Figure 14. Cont.
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Figure 14. The maximum strain of the reinforcement under different stress histories; (a) Cc = 0.1;

Cs =0.02; ¢9g = 0.51; (b) Cc = 0.2; Cs = 0.04; g = 0.90; (c) Cc = 0.4 Cs = 0.08; ¢p = 1.46.
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5. Conclusions

A new design method was proposed, which aims to obtain the maximum strain
of reinforcement in GRPE. This method was based on the Hewlett and Randolph’s [2]
soil arching model and the BS8006 [14] reinforcement method modified by Zhuang and
Ellis [5,7]. The innovation of the method lies in the fact that the settlements of the subsoil
under different stress histories were incorporated. During the development of the design
method, the sag of the reinforcement was assumed to be equal to the settlement of the
subsoil. The maximum strain of reinforcement in GRPEs was accurately analyzed by
considering the effect of different OCRs on subsoil settlement.

The method in this paper innovatively provides the design charts as a guideline for
practical engineering. The vertical equilibrium of the unit body between the pile caps
immediately above the subsoil, initially, was established. This means that the load acting
on the base of the embankment was shared by the reinforcement and the subsoil. Then,
the design charts were produced by solving the overall equilibrium equation. Therefore,
engineers do not have to do complex mathematical calculations any longer. The maximum
strain of the reinforcement can be easily obtained through the charts. This can then be
used to evaluate the tensile strength and to perform the ultimate limit state analyses
of reinforcement.

The design method was then validated by three case studies, which indicated good
reliability of the method, producing an error that remained less than 18%. Parametric
studies were carried out, and it was found that the stress history had a significant influence
on the maximum strain of the reinforcement. The maximum strain of reinforcement
on under-consolidated soil was 80-120% larger than that for normally consolidated soil
and more than four times greater than that for over-consolidated soil under the same
vertical stress.
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