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The vertical spacing among reinforcements in geosynthetic-reinforced earth
embankment is crucial to its overall stability. Based on the upper bound
theorem of plastic limit analysis and pseudo-static approach, an overall
stability analysis method for bilaterally wrapped reinforced embankments
under strip surcharge and seismic action is put forward in view of the planar
and log-spiral failure mechanism of the reinforced embankments, which
quantitatively expresses the relationship between the reinforcement spacing
and the factor of safety of the embankments. Some examples show that the
maximum relative error of the factor of safety between the proposed method
and some existing methods is around 10% under a specified reinforcement
spacing. The factor of safety is nonlinearly decreasing as the reinforcement
spacing increases, and the results by the log-spiral mode are slightly more
conservative than those by the planar mode. The proposed method can
quantitatively reflect the influence of the filling properties, reinforcement
strength, seismic forces, strip surcharge, and embankment geometry on the
reinforcement spacing. The nonlinear negative relationship between the factor
of safety and the reinforcement spacing is noticeable under different
reinforcement strengths. The reinforcement spacing is almost linearly
reducing with the increase of the vertical seismic coefficient increases, while
it decreases clearly nonlinearly as the horizontal seismic coefficient increases.

KEYWORDS

geosynthetic-reinforced embankment, reinforcement spacing, upper bound limit
analysis method, factor of safety, seismic forces

1 Introduction

Geosynthetic reinforcement technology has been widely used in embankment
reinforcement, soft ground improvement, as well as slope engineering, and has
achieved good practical results and economic benefits (Romstad et al, 1976; Zou
et al, 2016; Holtz, 2017; Tatsuoka, 2019; Venkateswarlu and Hegde, 2020). The
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stability of the geosynthetic-reinforced soil structures is

influenced by some factors such as soil

strength,
conditions and seepage effect (Li et al., 2021). Many scholars

parameters,
reinforcement reinforcement  spacing, seismic
have carried out some laboratory model tests (Zhussupbekov
etal., 2015; Hajiazizi et al., 2018; Ma et al., 2022a) and numerical
simulations on the issue (Basha and Babu, 2011; Ruan and Sun,
2013; Pain et al., 2017; Ma et al., 2022b). Based on the horizontal
slice method, Choudhury et al. (2006) analyzed the tensile force
and length of reinforcements required to maintain the stability of
a geosynthetic-reinforced soil retaining wall (GRSW) under
seismic action. They investigated the influence of soil friction
angle, horizontal and vertical seismic accelerations on the
stability of the GRSW. Sitar and Nova-Roessig (1999) used a
numerical method to study the influence of dynamic load on
GRSW. The results show that vertical spacing of reinforcement,
stiffness of reinforcement, backfill and panel type have important
effects on the stability of the walls. Weerasekara et al. (2017)
established an interface friction model, combined it with the
reinforcement stiffness to form an analytical model, and fully
considered the displacement, strain, force, and friction length of
reinforcements to evaluate the stability of the GRSW.

Among the factors influencing the stability of GRSW, the
vertical spacing among reinforcements is an essential parameter
in design. Leschinsky (2007) discussed the influence of
reinforcement spacing on the failure mechanism of the walls by
the finite element method. Chen et al. (2015) conducted centrifugal
model tests on the GRSW. A low-strength clay was used as the
backfill to investigate the effect of reducing the reinforcement
spacing on the wall stability. It was found that the deformation
mode of the wall panel depended greatly on the vertical spacing. Xie
and Leshchinsky (2015) studied the stability of GRSW under
surcharge by changing reinforcement spacing, strength, and
position. The results indicate that placing dense reinforcements
near the wall top under the surcharge significantly improves the wall
stability. Also, Leschinsky and Vulova, 2001 analyzed the influence
of reinforcement spacing, filling strength, foundation strength,
reinforcement stiffness, and interface strength on the failure
mechanism of the wall. Ren et al. (2016) applied the dynamic
finite element method to systematically simulate the shaking table
test of a segmented retaining wall (SRW). It is found that increasing
the reinforcement length can improve the stability of SRW more
effectively than reducing the vertical spacing among reinforcements.
Lee et al. (2010) introduced the numerical simulation results of three
full-scale GRSW models under seismic load. The computation
results show that the wall displacement is positively related to
the reinforcement spacing. In some of the past investigations on
reinforced Earth retaining walls, it seems to imply that
reinforcement strength and spacing play the same role in the
structural stability. However, Wu and Pham, 2013 recent studies
have clearly shown that the effect of reinforcement spacing is much
more significant than that of reinforcement strength. The beneficial
effect of geosynthetics on the GRSW stability is obviously enhanced
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under relatively small reinforcement spacing (<0.3 m). Also, the
finite element program Plaxis 2D is used to simulate the reinforced
soil structure under the condition of plane strain (Gebremariam
et al, 2021), and the numerical results show that the vertical
reinforcement spacing has more influences on the design
members than the reinforcement stiffness.

Apart from the GRSW, some researchers investigated the
performance of reinforced Earth structures. Li et al. (2019)
conducted some experiments on the geogrid reinforced
embankment and monitored pressure and displacement
distribution inside the embankment. The results show that the
optimal embedded depth and spacing between geogrid
reinforcement layers can improve slope stability effectively.
Zheng and Fox (2016) introduced a numerical simulation of
the performance of a geosynthetic reinforced soil abutment
static load. The show that the
compaction of backflll, reinforcement spacing, and bridge load

under results relative
significantly influence the lateral displacement of the abutment
and the settlement of the foundation. Abu-Farsakh et al. (2007)
conducted a finite element analysis to evaluate the effect of
reinforcing medium and low plastic embankment soils with
geogrids under strip foundations regarding ultimate bearing
capacity and foundation settlement. The research results show
that the optimal depth of the first reinforcement layer exists in
the position where the highest bearing capacity can be achieved.
Xu et al. (2019) used a centrifuge model to evaluate the
deformation behaviors, vertical stress, strain, and failure mode
of a 14 m high geogrid-reinforced subgrade supporting an 8 m
high embankment. As the layer spacing increases, the potential
sliding surface moves away from the slope surface, and the overall
stability of the reinforced slope decreases.

These existing investigations have indicated that with the
increase of the reinforcement spacing, the overall stability of the
GRSW gradually decreases obviously and the corresponding slip
surface tends to develop towards the embankment interior.
Moreover, the deformation of the reinforced soil structure
with  the and the wall
displacement is positively correlated with it. In fact, previous

increases reinforcement  spacing,
studies mainly focus on the influence of reinforcement spacing
on the overall stability of reinforced Earth structures. However, the
theoretical calculation of the vertical spacing among reinforcement
layers in the geosynthetic reinforced soil structures is absent. In
particular, the bilaterally wrapped reinforced Earth embankment is
less involved in existing reports. In this regard, we propose a
calculation method for vertical spacing among reinforcements in
the bilaterally wrapped embankment based on the upper bound
limit analysis method (Chen, 1975; Yang, 2007; Khoshzaban et al,,
2021). The formula of external force power and internal energy
consumption rate of the reinforced embankment under strip
surcharge is derived, and the relationship between the overall
stability of the embankment and the vertical spacing is
determined further via the shear strength reduction method
(Chen et al,, 2014). Matlab programming can efficiently perform

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1054595

Yan and Xiao

10.3389/feart.2022.1054595

a b
[ [ q |
Pidbbrbidrebbiied
/"B
s
/
FIGURE 1
Analysis model of planar failure mode.
the calculation procedure (Farshidfar et al., 2020). Based on the coefficients, respectively; and g is strip surcharge with distribution
proposed method, the minimum reinforcement spacing meeting the width b and horizontal offset to the embankment crest a.
design requirement for the overall stability of the bilaterally wrapped
reinforced embankment can be reasonably obtained in the practical 2.1.2 Derivation of work rates
design. 2.1.2.1 Gravity work rate
The soil in zone ABC is regarded as a rigid-plastic body, and
the area of the sliding wedge is
2 Analysis model and formula
derivation _ 1, cos(a+6)
Sapc = H = 1
2" sin@- cosa
The results of a I ber of shaking table and centrifugal
¢ resuis of a afge m,lm o S, g table anc centrlug Because the admissible velocity field is translational, the
tests on the geosynthetics-reinforced soil slopes show that the most . . L )
i . velocity component along the gravity direction in the
common slip surfaces of the slopes under seismic action are of log- . . )
. . mechanism is equal to Vsin(6—¢), then the work rate of the
spiral shape (Zornberg et al,, 1998) or planar pattern (Nouri et al, lidi d .
idin ravity i
2008). So, the planar failure mode (Narasimha Reddy et al., 2008; s g wedge gravity is
Ahmadabadi and Ghanbari, 2009) and log-spiral failure mode YH2V cos(a+6) - sin (60— ¢)
(Segrestin, 1992; Michalowski, 1998) are assumed in the present We = B sinf - cosa (2
investigation to analyze the vertical spacing among the reinforcement
layers in the bilaterally wrapped reinforced embankment. where y is the unit weight of the soil.
2.1.2.2 Work rate of seismic force
2.1 Planar failure mode Considering the effect of horizontal and vertical seismic
forces on the wedge, the corresponding work rates are,
2.1.1 Analysis model respectively
A bilaterally wrapped reinforced embankment is shown in
Figure 1. The sliding wedge ABC sliding surface BC with sliding Wy =kyG -V cos(6 - 9) ®)
velocity V'is a velocity discontinuity surface, which can be assumed W, =k,G-Vsin(6 - ¢) (4)
to be a plane with dip angle 6, particularly under high internal . o .
friction angle ¢ of the filling. According to the associated flow rule, where G is the sliding wedge weight.
the angle between the sliding surface BC and velocity V equals ¢. A
series of horizontally-arranged geogrids with layer spacing h are 2.1.2.3 Surcharge work rate
rewound to wrap local filling at lateral two ends of the The work rate of the surcharge on the embankment top
embankment. In addition, H is the vertical height of the surface can be expressed as
embankment; « is the inclination angle of the panel to the W, = ql,Vsin(6 - g) )
vertical direction; kj, and kv are horizontal and vertical seismic
Frontiers in Earth Science 03 frontiersin.org
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where [ is the distribution width of the strip surcharge on the
sliding wedge.

2.1.2.4 Work rate related to lateral Earth pressure on the
wrapped constraint ends

Since the surcharge distributes on a certain width, it only
influences the lateral Earth pressure on the wrapped constraint
ends at a limited height of the embankment. So, the expression of
the Earth pressure in the ith layer can be divided into two cases.

? 9

y(2i - )I’K
—_ 0<H,<atan<45°+5)or(a+b) tan<45°+5)<H,-<H

2

9 ¢

1
EY(Zi - 1)K’K +qKh atan(45° + 5) <H;<(a+b) tan<45° + E)

(6)

Thus, the work rate corresponding to the lateral Earth
pressure of the ith slice is

Wig =—E;-Vcos(0-¢) (7)

where K is the Earth pressure coefficient, and H; is the vertical
distance from the reinforcements’ layer to the embankment’s top
surface.

Assuming that there are # layers of the reinforcements, then
the total work rate related to the Earth pressure is

WE = ZWUE (8)

i=1

2.1.2.5 Dissipation power on the slip surface

According to the Mohr-Coulomb yield criterion and
associated flow rule, the energy dissipation power on slip
surface due to the friction is

cVHcos ¢

Wie = %)

sin 0

where ¢ is the cohesion of the filling soil.

2.1.2.6 Dissipation power of reinforcement failure

There are two possible failures for the reinforcements,
including tensile cut-off and pull-out failure. For the former,
Leschinsky and Reinschmidt (1985) believed that because the
reinforcements are flexible materials and can only bear the tensile
force, the reinforcement at the sliding surface can gradually
adjust its position with the soil movement until it is in the
same direction as the velocity V of the soil.

The energy dissipation power of the reinforcements in the
sliding layer owing to tensile cut-off failure depends on generally
two aspects. One is the power of reinforcement tensile force. The
other is the power of friction between the reinforcement and soil.
The frictional force can be regarded as a positive correlation with
the small thickness of the sliding layer. It is assumed that the
power of the friction is an ignored high-order small quantity
compared with the power of the tensile force.
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In the sliding layer, the tensile strain rate of the reinforcement
¢ can be written as

AT 1 t

€ :AZ/AT:VsmH (10)

where ¢ is the axial strain of the reinforcement; Al is the axial
elongation of the reinforcement segment; ¢ is the thickness of the
sliding layer; [ is the original length of the reinforcement in the
sliding layer, and AT is a minimal time increment.

Thus, the energy dissipation power of the ith reinforcement
can be expressed as

t/sin 6

Wiioff = J Tédx =TV (11)

0
where T is the ultimate tensile strength per meter of the
reinforcement.

For the pull-out failure of the ith layer reinforcement, it is
necessary to overcome the sum of the reinforcement-soil friction
in the sliding soil and the corresponding lateral Earth pressure on
the wrapped constraint ends or that in the stable soil. Namely, the
pulling force of the reinforcement for this failure mode should be
adopted as

Fi_ow = min[(F;; + E;), (Fig + E;)] (12)

where F;; and Fjp are the reinforcement-soil frictional resistance
in the sliding soil and stable soil, respectively; and they can be
expressed as

FiL = ZCOLiL + 2NiL tan ¢0 (123)
FiR = 2C0LiR + ZNiR tan ¢0 (12b)

where ¢y and ¢, are the cohesion and frictional angle of the
reinforcement-soil interface, respectively; Nip and Nir are the
normal force on the ith layer reinforcement in the slide and stable
soil, respectively; Ly and L are the lengths of the ith layer
reinforcement in the slide and stable soil, respectively, and
there are

Ly =(H-i-h)(cotf—tana) (12¢)
Lr=L;—(H-i-h)(cotf - tana) (12d)

The upper and lower reinforcement-soil interfaces are
velocity discontinuities for the ith layer reinforcement, and
the corresponding velocity is Vcos (6-¢). So, the pullout
dissipation power of the reinforcement can be derived as

Wi_ouw = min[(Fjy + E;), (Fig + E;)] -V cos (6 - (/’) (13)
In the tensile failure state of the reinforcement, there is the
minimum energy dissipation power between the tensile cut-off

and pullout mode. Thus, the dissipation power of the ith
reinforcement failure can be expressed as:

Wir = min(W,_oe, Wi_out) (14)
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FIGURE 2
Analysis model of log-spiral failure mode.

Naturally, the total energy dissipation power of n layers of
reinforcement is

WT = iwiT (15)

i=1

According to the upper-bound theory of plastic limit analysis
(Chen, 1975), the total work rate of external forces is equal to the
total dissipation power of internal energy. Namely, there is

We+ W+ Wi+ W, + Wg=Wge+ Wy (16)
Besides, it should be noted that the shear strength reduction approach

can be introduced in the above analysis with the factor of safety F; of the
soil slope stability (Zienkiewicz et al., 1975). Namely, there is

=L,
F 17
, tan ¢ (a7
@' = arctan

N

where ¢ and ¢’ are the soil’s internal friction angle and cohesion
after strength reduction, respectively.

Thus, by replacing ¢ and ¢ with ¢' and ¢’ respectively in the
previously related formulas and then substituting Eqs 2-5, 8, 9, 15 into
Eq. 16, the relationship between the safety factor F; and dip angle of the
potential slip surface 6 can be obtained. Therefore, the minimum F; and
the corresponding slip surface can be determined by

OF;

=5 =0 (18)

The computational procedure can be easily carried out via
computer programs such as Microsoft Excel or Matlab.

Frontiers in Earth Science

2.2 Log-spiral failure mode

2.2.1 Analysis model

As shown in Figure 2, the potential sliding surface can be
generally assumed as a curved plane. For simplification, a log-
spiral slip surface is adopted herein, and its equation can be
written as (Chen and Snitbhan, 1975)

r=roexp[ (6 - 6)tan ¢] (19)

where r is the distance from any point on the slip surface AC to its
rotation center O, 1, and r, are the length of lines OA and OC,
respectively; 0 is the inclination angle between the radius of the
slip surface AC and the horizontal direction, where subscripts 0, i,
h stands for starting radius OA, the ith layer of reinforcements,
and ending radius OC, respectively; Q is the angular velocity of
the sliding wedge rotating around point O; L,p is the distance
between points A and B on the top of the reinforced
embankment.

The following geometric relationships can be obtained from
Figure 2 as

H =sin 6y - exp[ (6, — 6p) tan @] —sin 6, (20)
;

0

Las = cos O — exp[ (6), — By) tan @] cos 6, — Etanoc (21)
To To
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2.2.2 Derivation of work rates
2.2.2.1 Gravity work rate

The sliding body ABC is equal to the area OAC minus areas
OAB and OBC (see Figure 2). So, the gravity work rate of mass
ABC can be obtained by superpositioning the corresponding
work rates of the three areas.

The gravity work rate of zone OAC can be calculated by the
integral method to be derived as

1
Wouc = ng L 7’ cos 0d6 = yQry® f,

(22)

The gravity work rate of zones OAB and OBC can also be
derived respectively as

Woas = )’SOABVOAB = Y”03Qf 2 (23)

Wosc = Y7’03Qf3 (24)

Thus, the gravity work rate of slide mass ABC can be
expressed as

WG:VT’OBQ(fl—fz—fZ.) (25)
where the calculation coefficients f; (i =1, 2, 3) are

{(3tangcos ), +sin6;) - exp[3 (6 — 6,) tan ¢] — 3 tan ¢ cos B, — sin O}

fi= 3(1+9tan2¢p)
(25a)
1L L
fa=c % [Zcos 0o - %] sin 6y (25b)
0 0
1 . Lag .
f3==exp[ (6, - 6,) tan ¢] [sm(@h —0y) — —sm@h]
6 0
(25¢)

[cos 0, — Las + cos 6y, exp[ (6, — Qo)tan(p]]
Yo

2.2.2.2 Work rate of seismic force

Similar to the determination approach of the gravity work
rate of mass ABC, the work rate of the corresponding vertical and
horizontal seismic force can be derived, respectively as

W, =kyri’Q(fi = f2-f3)
Wi = knyro’Q(fa— fs = fs)

where the calculation coefficients f; (i = 4, 5, 6) are

(26)
@7)

{(3tan¢sin ), — cos 6),) - exp[3(6y — 6y) tan @] — 3 tan @ sin O, + cos O}

fa= 3(1 + 9tan 29)
(27a)
fs= % Lr—‘ZB in 26, (27b)
fe= %<exp[(9h - 6,) tan ] - sin 6y, — %)
. <g exp[ (6, — 6p) tan @] -%ﬁ) (27¢)
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Reinforcement

Stable soil

FIGURE 3
Movement mode of reinforcement in sliding layer under the
log-spiral mode.

2.2.2.3 Surcharge work rate

Considering three possible location relationships between the
surcharge and slide mass ABC, the surcharge work rate W, can
be expressed as three cases as

0 (lAB<a)
Wy =1 Qqlyrof; (a<lsp<a+b)
Qqlyrofs (lap>a+b)

(28)

where the calculation coefficients f; (i = 7 and 8) are

fr= %{cos Oy exp[ (6, — 6,) tan @] + cos 6, + ?tanzx+ 1}
0

To
(28a)
H 2
fs = cos O, exp[ (6, — 6y) tan ¢] +r—tan0c+bJr a (28b)
0

2.2.2.4 Work rate related to lateral Earth pressure on the
wrapped constraint ends

According to the direction of the velocity at the intersection
between the slip surface and each reinforcement layer, the work
rate related to the lateral Earth pressure on the wrapped
constraint end of the ith reinforcements can be derived as

Wi = —Eirg exp[ (6; — 6,) tan ¢]Q sin 6; (29)

Similarly, the total work rate related to the lateral Earth pressure
can be written in the same format as Eq. 8.

2.2.2.5 Dissipation power on the slip surface
The energy dissipation power on the slip surface AC can be
obtained by integral calculus as
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On rd0 )
= AR
W ac 4[90 c(V cos ¢) cosg ro°cQfy (30)
where the calculation coefficient fo is
2 - -1
fo = {exp[2(6, - 6)) tan ¢] — 1} (300)

2tan g

2.2.2.6 Dissipation power of reinforcement failure

As shown in Figure 3, the axial strain rate of the linear

segment of the ith reinforcement in the sliding layer can be
expressed as

. € Q)  Q

€= AT ~ A0 ~ 20

(31)

where Af is the increment of the inclination angle between the
starting and ending radius corresponding to the linear segment of
the ith reinforcement in the sliding layer.

If the reinforcement is in the tensile cut-off state, the energy
dissipation power of the ith layer can be expressed as

riAG

W off = J Tédx = Tr;Q = Troexp[ (6; - 6p) tan $] Q0 (32)

0

Based on the direction of the velocity at the intersection
between the slip surface and the ith reinforcement, if the ith
reinforcement is in the pulling-out state, the corresponding
energy dissipation power can be derived as

Wi out = min [ (FiL + E,’), (FiR + Ei)]f’o exp [ (9, - Go)tan ¢] sin 910
(33)

where the two lengths L;; and L;r are respectively expressed as

Ly = cos O;rg exp[ (6; — 0p) tan @] — cos O,,rg exp [ (6), — 6y) tan ¢]

- (H-i-D)tana
(33a)
Lig = L —roexp[ (8; — 6y) tan ¢] cos 6; (33b)
+1gexp[ (6, — 0y) tang] cos 6, + (H —i-h) tana
Further, the expression of the pulling-out energy

dissipation power of the ith reinforcement and the total
dissipation power of all reinforcements are the same as Eqs
14, 15, respectively.

Similarly, the factor of safety of the soil slope stability can be
introduced via Eq. 17, and the relationship between F and
variables 6, and 6, can be determined via Eq. 16. Then the
minimum safety factor and the corresponding slip surface can be
obtained by

OF,
00,
OF,

=0

(39)

00,
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3 Practical example and verification

A geogrid-reinforced embankment on a stable foundation in a
single-track railway in Bangladesh is shown in Figure 4. The width
of the top surface of the embankment is 10.6 m, and there is an
equivalent strip surcharge of 70 kPa with a 3.7 m distribution
width in the middle of the top of the embankment with a 6 m
height. The horizontal net distance between the surcharge and the
slope crest is 3.45 m. The angle between the wall panel and the
vertical direction is 3°, and the unit weight and internal friction
angle of the sandy filling are 20 kN/m® and 30°, respectively. The
designed ultimate tensile force of the geogrids is 24 kN/m after the
requirement of safety margin. According to the field seismic
conditions, the horizontal and vertical seismic coefficients are
specified as kj, = 0.2 and k, = 0.1, respectively.

The factors of safety of the reinforced embankment obtained
using the proposed method are shown in Figure 5. As can be seen,
the safety factor is nonlinearly decreasing with the increase of the
reinforcement spacing. There are similar results between the
planar mode and log-spiral failure mode. To verify the proposed
method, numerical modeling via FLAC®® (Rai et al, 2012;
Mabrouk et al, 2018) is established (see Figure 6) for the
embankment. The elastic-perfectly  plastic
constitutive model, the Mohr-Coulomb yield criterion, and

reinforced

the associative flow rule are assumed to simulate the soils.
The panels are simulated with the linear elastic model. The
geogrids are modeled with the Geogrid Element inserted in
FLAC, and the shear characteristics of the geogrid-soil
interface obey the elastic-perfectly plastic mode. The left and
right boundaries of the numerical model are fixed in the
horizontal direction, while the bottom is fixed in both the
horizontal and vertical directions. The hexahedral mesh is
used to divide the entity model to form a total of
239,520 elements and 254,851 nodes. Equivalent seismic forces
are exerted on each element based on the pseudo-static approach.
The main physical and mechanical parameters involved in the
numerical model are shown in Tables 1, 2, which is determined
mainly according to the related laboratory material tests with
enough number to eliminate possible accidental error, as well as
the empirical references in FLAC®”.

It can also be seen from Figure 5 that the factors of safety by
FLAC’® are slightly larger than the proposed results under
different reinforcement spacing, and the relationships between
F; and h using the analytical and numerical methods are similar. If
the geogrid spacing is 0.3 m, the factors of safety of using FLAC®”
and the proposed method with planar mode and log-spiral mode
are 1.66, 1.52, and 1.49, respectively, and the maximum relative
error is 10.2%. So, the proposed results are in good agreement with
the numerical value. According to Li et al. (2006), the safety factor
of embankment stability should not be less than 1.3 in some cases.
The maximum vertical spacing of the geogrids is accordingly
figured out to be 0.46 m by the planner mode and 0.43 m by
the log-spiral mode. So the latter can be conservatively adopted as
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Calculation results of factor of safety using different methods.

the design control value. There are some differences of the
calculation results between the two failure surface modes. The
reason lies mainly that the shape of the slip surface has close
influence on the internal and external power of the failure
mechanism. In particular, the dissipation power of the log-
spiral slip surface is more significant than that of the planar
slip surface, which means the required reinforcement spacing
under the former is possibly smaller than that under the latter.
In addition, from the perspective of deformation mechanism of the
reinforced embankment, the reinforcement tension in the planar
mode is much more developed than that in the log-spiral mode,
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which naturally allows a higher reinforcement spacing to maintain
the specified stability of the embankment.

The other geosynthetics-reinforced embankment with
vertical slope face under different seismic actions is adopted
herein to further verify the proposed method. The embankment
height is 6 m and the reinforcement spacing is 0.6 m. The unit
weight and internal friction angle of the sandy filling are 16 kN/
m® and 32, respectively. The horizontal seismic coefficient is
0.25, and the reinforcement strength is 90 kN/m. The proposed
results are shown in Figure 7, where they are compared with the
results by FHWA (2009) and Xu and Hatami (2019). As can be
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FIGURE 6
Numerical model via FLAC3D for the example.

TABLE 1 Material properties of the numerical model.

Material Bulk modulus Shear modulus
(MPa) (MPa)

Filling 9.5 8.7

Foundation 80 32

Panel 16.6 7.7

TABLE 2 Geogrid and geogrid-soil interface parameters.

Elastic modulus Poisson’s ratio

(MPa)

Coupling stiffness
(MPa)

50 0.33 23

seen, the proposed results are fairly close to those using the
existing methods, particularly in most cases of -1 < k,/k;, < 1. If
ky/ky, = 0.5, the proposed safety factors under the planer and log-
spiral modes are individually 1.303 and 1.290, whose relative
errors with those by FHWA (2009) and Xu and Hatami (2019)
are 0.5% and 1.3%, 1.5% and 0.3%, respectively.

4 Parameter study and discussion

According to the proposed analysis model and derived
formulas, many factors have influences on the reinforcement
spacing. The reinforced embankment shown in Figure 4 is taken
herein as an example to discuss the influences by the essential
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parameters, including T, y, ¢, ¢, g, k, and k,. The parameter study
is conducted using the controlling variable tactic with specified
basic values ¢ = 0 kPa, ¢ = 30°, y = 18 KN/m* o = 3°, a = 3.45 m,
b=37m,H=6m, T=24kN/m,q=70kPa, k,=0.2and k,=0.1.
The values of each parameter are assumed mainly according to
the common range in practical engineering as well as the related
empirical data. Besides, vertical seismic coefficient is usually half
of the horizontal seismic coefficient (Kavazanjian, 1995).

4.1 Reinforcement strength

The variation of the safety factor with the reinforcement
spacing under different reinforcement strengths is shown in
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Figure 8. It can be seen that the nonlinear negative relationship
between the factor of safety and the reinforcement spacing is
noticeable under different T. Figure 9 shows that the spacing is

Frontiers in Earth Science

10

nonlinearly increasing with the reinforcement strength under
F, = 1.0. However, the nonlinear characteristics are not obvious
with the increase of F,. Additionally, the spacing is almost not
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Relationship between h and T under different F.
influenced as expected under a designed safety factor if the 4.4 Internal friction angle of filling
reinforcement strength reaches a relatively high value.
Figure 12 shows the relationship between the reinforcement
spacing and the internal friction angle of the filling. As can be
4.2 Unit W6|g ht of ﬁlllng seen, with the increase of the internal friction angle, the
reinforcement spacing required to meet the overall stability
Figure 10 shows the relationship between the reinforcement almost increases linearly. However, the increased gradient is
spacing and the unit weight of the filling under different factors of closely related to the factor of safety. If the factor of safety is
safety. As can be seen, the unit weight has almost no effect on the small and close to 1.0, the increasing gradient is relatively
reinforcement spacing. Under the same unit weight, the required obvious; but if the factor of safety is high enough, the
spacing is nonlinearly decreasing with the safety factor increase. required spacing is almost not varied with the internal friction
Taking the unit weight of 18kN/m’ as an example, the angle.
reinforcement spacing required to meet the overall stability
with designed safety factors of 1.20, 1.34, and 1.43 is 0.6, 0.43,
and 0.38 m, respectively. 4.5 Strip surcha rge
Figure 13 reveals the variation of the reinforcement spacing
4.3 Cohesion of filling with the strip surcharge under different safety factors. As the strip
surcharge increases, the reinforcement spacing is approximately
The influence of the filling cohesion on the reinforcement linear decreasing. The decrease gradient depends to some extent
spacing is shown in Figure 11. It can be seen that the spacing is on the specified factor of safety. With the increase of safety factor,
generally nonlinearly increasing with cohesion. However, if the the decrease gradient is reduced.
designed safety factor is small, there is an approximately linear
relationship between the spacing and the cohesion, and the
spacing necessary is considerably increasing with the cohesion. 4.6 Seismic coefficients
The filling shear strength is liable to meet the requirement of the
overall stability of the reinforced embankment under lower The relationships between the reinforcement spacing and the
factors of safety. In these cases, the effect of the horizontal and vertical seismic coefficient under different safety
reinforcements on the embankment stability is not significant factors are shown in Figure 14 and Figure 15, respectively. It can
to naturally allow fairly high reinforcement spacing. be seen from Figure 14 that the reinforcement spacing decreases
Frontiers in Earth Science 11 frontiersin.org
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Relationship between h and ¢ under different Fg.

nonlinearly with the increase of the horizontal seismic
coefficient. As the specified factor of safety increases, the
nonlinear characteristics lessen to some extent. Figure 15
reveals the spacing is almost linearly reducing as the vertical

Frontiers in Earth Science

seismic coefficient increases. With the rise of the designed safety
factor, the decrease gradient reduces gradually. Under high safety
factors, the vertical seismic coefficient has a minor effect on the
reinforcement spacing.
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4.7 Sensitivity analysis

The sensitivity of the vertical spacing to the seven
independent parameters mentioned-above can be further

Frontiers in Earth Science 13

analyzed by an orthogonal test design. According to the
empirical range of physical and mechanical indexes of
embankment filling, four levels are assumed for this test, and
the specific values are shown in Table 3. So, the total number of
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the orthogonal test can be assumed as 32 to effectively reflect the
combination of different factors. The range analysis results of the
orthogonal test are listed in Table 4, where K;, K, K5 and K, as
well as m;, m,, ms and m, are the sum and arithmetic mean
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values of the corresponding test results if the level is 1, 2, 3 and 4,
respectively; and R is the range of m. As can be seen that the range
value of the seven factors T, y, ¢, ¢, ¢, ky, and k, are 0.048, 0.056,
0.388, 0.086, 0.212, 0.653 and 0.126, respectively. Therefore, the
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TABLE 3 Factors and levels of the orthogonal test.

Levels Influence factors
T (kN/m) ¢ () c (kPa)

1 10 28 0
2 15 30 5
3 20 32 10
4 25 34 15
TABLE 4 Range analysis results of the orthogonal test.

Influence factors

T (kN/m) ¢ () ¢ (kPa)
K, 14.969 14.962 13.710
K, 15.352 14.968 14.401
Ks 15.085 14.980 15.631
K, 15.150 15.646 16.814
m 1.871 1.870 1.714
y 1.919 1.871 1.800
s 1.886 1.873 1.954
my 1.894 1.956 2.102
R 0.048 0.086 0.388

sensitivity order of these factors from large to small is
subsequentially horizontal seismic coefficient, filling cohesion,
strip surcharge, vertical seismic coefficient, filling internal
friction angle, filling unit weight, and reinforcement strength.

5 Conclusion

Based on the upper-bound limit analysis method and
pseudo-static approach, a stability analysis method of the
bilaterally wrapped reinforced embankment under strip
surcharge and seismic action is provided considering the
planar and log-spiral failure mechanism of the reinforced
embankment, which can substantially reflect the relationship
between the reinforcement spacing and the overall stability of the
reinforced embankment. Under a specified factor of safety of the
overall stability, the required spacing can be consequently figured

out. The main conclusions are drawn as follows:

o The safety factor of the reinforced embankment decreases
nonlinearly with the increase of reinforcement spacing, and
similar results are obtained in the planar and log-spiral failure
mechanisms. Under the same safety factor for the stability
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y (kN/m3) q (kPa) ky, k,
17 50 0 0
18 60 0.1 0.05
19 70 02 0.1
20 80 03 0.15
3
y (N/m?) q (Pa) K K,
15.275 16.080 17.799 15.589
15.097 15.302 16.032 15.245
15.316 14.788 14.147 15.140
14.868 14.386 12.578 14.582
1.909 2.010 2.225 1.949
1.887 1913 2.004 1.906
1.915 1.849 1.768 1.893
1.859 1.798 1.572 1.823
0.056 0212 0.653 0.126

requirement, the allowable reinforcement spacing calculated
using thelog-spiral mode is smaller and more conservative than
that using the planar mode. Under a specified reinforcement
spacing in some examples, the maximum relative error of the
safety factor between the proposed method and some existing
methods, including FLAC3D, is around 10%.

The proposed method can quantitatively reflect the
influence of properties of the filling, reinforcement
strength, seismic forces, strip surcharge, and geometry
of the embankment on the reinforcement spacing under
a specified safety factor. The reinforcement spacing is
nonlinearly positively related to the filling cohesion and
approximately linearly positively related to the internal
friction angle of the filling, while the unit weight of the
filling does not almost influence it.

The nonlinear negative relationship between the factor of
safety and the reinforcement spacing is noticeable under
different reinforcement strengths, but the nonlinear
characteristics are not obvious with the increase of the
design factor of safety. The spacing is scarcely influenced
under a design factor of safety if the reinforcement strength
reaches a relatively high value. The spacing is almost linearly
reduced as the strip surcharge or vertical seismic coefficient
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increases, whereas it decreases nonlinearly with the rise of
the horizontal seismic coefficient.
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