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The research about designing method of vertical reinforced slopes
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ABSTRACT:Deformation effect and strength

effect of flexible reinforcements and soil-nails are considered,

combined with proposed safety factor,the paper gives out a designing methods of vertical reinforced slopes
under theory of soil plasticity and limit analysis. The designing method in the paper can also be used in

slant reinforced slopes.

1 UPPER BOUND HEIGHT Hu OF VERTICAL COHESIVE
SLOPE .

Chenl1] had given out the upper bound height Hu of

vertical  cohesive slope by formula( 1) under
translational failure mechanism.
o=t (e /4 /2) )

Where ¢ and ¥ =given cohesion and friction angle,
respeetively;p =the soil’s unit weight.

To account for reinforcement’s contribution, it is
assumed that: (1).reinforcements are placed at same
space along the slope height; (2) reinforcements
have enough anchorage length and can not be pulied
out from anchorage soil mass when translational
failure happens; (3) flexible reinforcements have
Zero bend stiffness and can carry only tension force;
and (4) soil- nail has certain value of bend
stiffness, it can carry tension force and shear
force and woment at the same time.

2 VERTICAL SLOPE REINFORCED BY FLEXIBLE REIN-

FORCEMENTS

"2.] Deformation effect of flexible reinforcements

In fact, slip surface will be a shear zone and has
certain  thickness, because  the flexible
reinforcements can only carry tension force, in
order to ‘prevent translational failure most
effectively, reinforcements at the slip surface
will slowly change its orientation so that at the
last the orientation of tension force will be
opposite to slip velocity V of soil mass, as shown
in Fig.1.
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Fig.}.Deformation effect of flexible rein-~

forcements under translational failure

2.2 Strength effect of flexible reinforcements

Based on soil plasticity and limit analysis theory,

strength effect of reinforcements can be calculated
by use of energy work rate form. As shown in Fig.1,
strength effect. of reinforcements includes two parts:
the first is frictional dissipated energy work rate
produced between the reinforcements and its sur-

rounding soil,its value is eaual to ?‘:]TxVCOS(ﬁ V),

n is number of reinforcements along the slope height:
the second is tensile disspated energy work rate
produced by reinforcements at the slip surface tc
prevent soil mass moving down, its value is equal

to Zn_ TaV.
=1

2.3 Determination about upper bound horizontal space
Shmin of flexible reinforcements

Horizontal space Sn  of reinforcements is tsken as
calculating length of vertical slope, for slip wedge
ABC shown in Fig.l, energy work rate done by soil
weight is expressed by formula(2).



Vex=0.50 SnliVctes sin(8 ) ' @

If soil satisfies Mohr-coulumb failure criteria and
obeys associated  flowing rule, then interior
dissipated work rate Win is produced by cohesion €
along slip surface BC and by reinforcepents, it can
be expressed as follows.

win—V[l*COS(ﬁ ¥ )]f Ti*‘_n"g Veosv¥ 3)

The flexbile reinforcements are placed at the same

space along the slope height, so vertical distance
from the ith-reinforcement to slope top surface is

(i/n) H, and self- weight pressure on the ith
reinforcement is (i/n)p H, corresponding horizontal
length of the reinforcement in the slip soil mass
is (n-i)/n HcteB . Supposed the width of single
reinforcement is Ab, the cohesion and friction
angle between “the reinforcements and its
surrounding soil are Co=x 1C and ¥ b=x 2¢,  where
@ 1 and @ 2 are some coefficient, and. there is no
surcharge on the slope top surface, then frictional
force or tension force of the ith reinforcement at
the slip surface is expressed as follows.

e HO5Th bp et » otes 2Bk ABGetER (g

Putting formla (4) into formla (3) and making WVex
equal Win,then formula (5) can be obtained.

48 bl1+cos (8 )] [CHESEp Hotay oL LD

Sn= ]1(5)
p H3sin(8 -¢ )'Zcﬂcos¢ secB

_If given H, then S» is a function of B , the
range of B  chosen is bieger than (= /4+y /2) ,
formula (5) can be calculated by trial and error,
angle B corresponding to Snmin is called critical
failure angle 8 o of vertical reinforced slope, and
Shain .is called upper bound horizontal space of

3 VERTICAL SLOPES REINFORCED BY SO[L-NAILS

3.1 Flowing resistance produce_d by soil-nails

Space of soil-nails is bigger and .its diameter
is smaller,when translational failure takes place, -
the soil mass near the planar slip surface BC often
flows around the soil-nails. In order to calculate
the flowing resistance produced by soil-nails, mode
is established as shown in- Figi2.  flowing
resistance of per unit soil- nail’s length is
exeressed in formulas (7) and {6).

cos(r /49 /2)
¢ p1=(Poitc ctey )D;]{-—l—_—-e(- Y,
-siny

sin(x /49 /2)

= (e /2+% ) tay
l+sind © * ©

gy [cos(n /4-¢ /2)+sin(n /4-¢ /2)]*
+[sin(x /4~ /2)-cos(n /4~¥ /2)1}

Poc=g(1+%Ko)e ha | @

Where De=the diameter of srouted soil-nails:i Ko= = -

static horizontal earth pressure coefticient.

3.2 Tranverse shear force of soil-nails

Soil flowing around soil-nails is taken place in
a small region near the slip surface BC, as aparted
from the small region, elastic contact is keeped
between soil-nails and its surrounding soil. 1In
order to calculate conservatively and approximately,
soil-nail is taken as infinite long beam in the
soil mass, by using of boundary conditions of the
connected point between the ith nail and BC, which
zoment is equal to zeroand o i is given by
formula(6), then transverse shear force Tey is
derived by formula(8) and (9).

reinforcements. Te1=lo 1/2 _ ®)
of o= o Lo/ 81/ (D) - )
roi
P2 Where Ks=modulus of subgrade reaction for the soil;
B £+Posta¥E-Yang’s modulus of grouted soil-nail; I=wonmenl of
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Fig.2. Strength effect of soil- nails under
translational failure and flowing resistance mode
of soil-nail

area of grouted soil-nail.
Calculation results show that angle deformation of

soil-nails at slip surface BC can be neglected. So
horiaontal soil- nails can be considered when
translation failure happens.

3.3 Determination about upper bound horlzontal space
Shmin of soil-pails

Horizontal space(Sn:of soil- nails is taken as
calculating length of vertical slope, similar to

_vertical slope reinforced by flexible reinforcements,
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work rate done by soil weight Wex also is expressed:



by formula(2), the tension force or friction force T
of the ith soil-nail is expressed by formula(10).

i[(n+1)-i] TN
TenDs—r—3p Hcteh tay wrDsll ln; iHetgB C.(10)

~ Corresponding dissipated work rate produced hﬁ
interior forces is expressed by formula(11).

bune 2056 4 )5, Teolsin(s )g;r.,ﬂg—iisn% Yeost(11)

' Making Wex equal to Win,formula (12) can be
obtained .

Sv={4n Ducos (8 ¥ ) [y H 2o+ Wt o

x?f_lll(n:} “D1epsin(s -v )tgﬁfln,g /
7 [o H%sin(B ~¥ ) -2Hcos sech ]

(12)

Formula (12¥ can be calculate by trial and error,
angle B corresponding to the Shmin s
. called critical failure angle B o of vertical slope
reinforced by soil-nails, and Skwmin is called upper
bound horizontal space of soil-nails.

4 DESIGNING METHOD OF VERTICAL REINFORCED
SLOPES

4.1 Determination about value of safety factor

The Shmtn can be derived by formulas(5) or ( 12)

by use of upper bound solution method, in fact, the
given slope height H in formulas (5) or (12) also is
the upper bound Hu of slope. Obviously, we can not
directly use n and H and Shoin to design reinforced
slopes, so how to design reinforced slopes under
working load still need to discuss,this is related
to safety factor chosen and its value used. Safety
factor is defined as ¢ =c/k+c (te¥ /k) , which
cohesion C and friction angle ¥ of soil will be
dropped to ce=c/k and ¥ o=arctg(taw /k),respectively.
Next, we discuss the value of safety factor.

Chen{1} gives low bound Her of vertical cohesive
slope, as expressed by formula(13).
e sZg(n /400 /2 (13)

The Her is similar to Pcr of shallow foundation
engineering, Per also is the low bound solution of
limit bearing pressure, So Pcr can be taken. as
designing pressure conservatively under working
load. Similar to Per, the Her can also be taken as
designing height of vertical cohesive slope.

If low bound Her is given out by upper bound Hu,
cand ¥ in the formula (1) must be reduced,
corresponding safety factor is defined as standard
safety factor K, then formula (14) is set up.
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pi.f(-'kts[" /440, 5arctg (ted KdFCtale /49 /D ()

Rearranging formula (14), then formula (15) will
be obtained.
£ ol /400 5arctaltad Ko loteln /40 /) (15)

Ki is the function of ¥ . when ¥ =0,Ki=2 ; when
¥ #0,k2,and K« is decreased as ¥ increased.

The Kx can be taken as initial value of reforced
slope, because reinforments make C and ¥ increased,
by formula (15) we know that -the k of vertical
reinforce slope is smaller than K« of cohesive
vertical slope, it is shown that difference between
upper bound Hu and low bound He of vertical
reinforced slope will be reduced, so by use of
coefficient « a , safety factor k of vertical
reinforced slope is expressed in formula (16).
K= aa fa (16)

a 3 can be affected by many factors and is
difficult to be determined, in order to be briefty,
we take K=K

4.2 Designing procedure of vertical reinforced slope

Reinforcements are placed in horizontal and have
enough anchorage length, in order to prevent
reinforments pulled out from anchorage soil mass,
anchored length of reinforcements should be equal
to or bigger than reinforments length in slip soil
mass, so ith flexible reinforment’s length can be
expressed by formula (17).

L1>2!’-;—1Hctgﬂ or (17)

B o can be gotteniby putting Co and ¥ < into
formula (5).

The ith soil-nail’s length can be expressed by
foraula (18).

+1-1

Li>Z T cteh o (18)

B o of formla (18) can also be obtained by
putting Cs and ¥ o into formula (12).

Because the L1 is maximum, in order to construct
conveniently, L1 is defined as general

.reinforcemect’s length. For flexible reinforcements,

L1 is expressed by formula (19)

=2 Hetep o (19)

For soil-nails,L: is expressed by formula(20).



Li=2gqticted (20)

Designing procedure diagram of vertical
reinforced slope is shown as follows.

Given parameters: e+ C.¥ . Hand
{f lexible reinforcements:ns Ab, Cu. ¥

SOil“nailS=n~. DB\ Cb\ !pb\ KS1 E

Safety factor K can be calculated
by formulas (15) and (16)

Co=c/k
¥ s=arctg (te¥ /k)

Flexible reinforcements:
B o~ and Shmtn can be obtainedby putting
e and ¥ . into formula (5) '
Soil--nails: .
ﬁ cr and Shmin can be Obtained
by putting Co and ¥ ¢ into formula (12)

Flexible reinforcements:

Designing length can be gotten by formula (19)
Soil-—nails:

Designing length can be gotten by formula (20)

5 CALCULATION EXAMPLE

5.1 Calculation example about vertical slope.
reinforced by flexible reinforcements

Some vertical slope,p =18KN/m3, c=15kPa,w =25° ,
H=4.10m,Ab=0. 03m, n=6. In order to consider
different effects, two plans are adopted: the first
is Co=C and ¥ v=¥ ; the second is Co=0 and ¥ »=¥ .
Calculation results of the two plans.are listed. in
table 1. N

Based on the results of table 1, the following

conclusions can be obtained.

.® Reforcements increase critical slip angle B o

and make slope shallow translational failure.

® Cohesion Co betweem reinforcements and its
surrounding soil has bigger effect on Shmin.

"@The nth flexible reinforcement also is important,

it increases the low bound Her and stability of

vertical reinforced slopes.

Table 1  Calculation results

Pla::ult K 5o Def:f::mg D&f:gmng
O e |60 | osm | 3.0

| ¥ Y ' :
Co=0 N

” oo 1.68 | 60 0.24n 3.94n

5.2 Calculation example about vertical slope
reinforced by soil-nails

Some vertical slope,l; =16.3KN/m3, c=19kPa,® =36. 5°

K,=50000KN/n3,H4=8.0m, n=3, diameter D of steel

bar =0.025m,Dg=0.10m, modulus E of steel=210x10%N/m?,
rodulus E of concrete=2.6x10"KN/m?,, In order to
consider different effects,two plans are adopted:
the first is Tes ¥ 05 the second is Tes=0.
Calculateion results are listed in table 2.
Calculation results show that the designing
horizintal space Shmin of soil- nails will be
increased if tranverse shear force Te:i and bend -
stiffness are considered, Skmin - is conservative
when Te:r is equal to zero, conservative degree is
(2.02-1.76)/1.76=14.8%, thus the plan which. Tei is
equal to zero is approximate reasonable designing

- method for vertical slope reinforced by soil-nails.

_ Table 2 Calculation results
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\Result

Designing | Designing
L
Plans

K ﬁ .er hmin >3

Te#0 | 158 | 60- | 2.020 | 6.9

T=0 | 1.58 | 60 | 1.7n | 6.9
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