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Stabilization of slopes with geo-anchors 

B.B.Broms 
Nanyang Technological University, Singapore 

A3STRACT: A landslide in residual soil and weathered rock in Singapore which has been 
stabilized successfully with geo-anchors is  -described. The geo-anchors are constructed 
by first excavating narrow trenches in the failed slope. The trenches which are l ined 
wi th high strength woven geofabric are fil led wi th coarse granular material which is 
compacted in layers.' The geofabric lining functions both as reinforcement in the soi l 
and as a fi lter which increases the stability of the failed slope. The method -of 
analysis and the construction of the gee-anchors are described in the paper . 

1 INTRODUCfION 

Landslides in residual soils or weathered 
rocks in Singapore are relatively common. 
�1ey usually occur during or j1.1St. Hfter a 
heavy rainstorm which has been preceeded by 
... everal days of contineous rain. 
(Ramaswamy and Aziz ,  1980: Pitts,  1983) . 
The slopes are normally stable when the 
soil or the weathered rock is  partially 
saturated even when the inclination of the 
slopes exceeds the angle of internal 
friction angle , (�. or �d) as determined by 

direct shear or by triaxial tests (CU- or 
CD-tests) since the negative pore water 
pressure in the slope increases the 
effective stress in the soi I and thus the 
shear strength. After a perioo of 
contineous rainfall  when the soi I becomes 
saturated or almost saturated 'because of 
infil tration of the rain water into the 
ground, the initial high negative pore 
W.iter pressures in the soil are el iminated 
or greatly reduced, causing a large 
J eduction of the effective stress and of 
the shear strength. As a result the slopes 
nay become unstable and fai l .  

2 STABILIZATION OF SLOPES 
Several d�fferent methods are used at ;" esent ( 1992) in Southeast Asia to 
t
ncrease the stabi lity of steep slopes and a reduce the r isk for lands 1 ides The Stahi l i ty b ' . 

can e Increased by changing the �
l
eometry , by improving the drainage or by le cons tru t '  f C Ion 0 a retaining structure 

469 

at the toe of the slope. The choice 
depends primar i ly on the costs,  the 
probab i l i ty and the consequences- of a 
failure (Broms and Wong, 1991 ) .  In 
Southeast Asia i t  is  common to increase the 
stabi l i ty of a slope by f lattening of the 
slope. However tl:e f lattening or the 
benching of a potentially unstable slope 
had to be done judiciously to prevent local 
failures or s lumps . Also berms can be 
used. An other possibi l i ty is  to replace 
the unstable material ei ther· whol ly or 
partially by a free-draining material often 
in combination wi th horizontal drains and 
drainage blankets.  

Because high excess pore water pressure 
is the major factor causing slope failures 
in Southeast Asia a properly designed 
d�a1nage sy�tt:!m to intercept the water flow 
is essential . It is  important to divert 
the surface water with ditches and 
interceptor drains from areas which can be 
affected by landslides. Ditches must have 
adequate size and gradient because of the 
heavy tropical rainstorms in the region. 
Open tens ion cracks should be sealed to 
prevent inf i ltration of surface water . 

Lining the s lopes wi th concrete or soil 
cement is  sometimes done to preven� erosion 
and infi ltration of water . In Hong Kong, 
&oil cement (CHUNAM) is commonly used to 
seal the surface. Gunite or shotcrete, 
reinforced with Wire-mesh. is also popular . 

Horizontal drains can be used to relieve 
the high pore water pressures in steep 
slopes. Drainage blankets with free 
draining 'materials which are placed either 
at the base of the slope or wi thin the 



unstable soi l mass to reduce the excess 
pore water pressures are also effective. 

Concrete gravity walls  are often used in 
both cut and f i l l  slopes. The wal ls should 
be provided with drains and weep holes to 
relieve any excess pore water pressures 
behind the wal l .  Also reinforced earth, 
gahions and crib wal ls are common in 
Southeast Asia. 

Slopes can also be stabil ized with 
embankments piles (Broms and Wong. 1985) or 
ground anchoI;'s. Contigeuous or closely 
spaced cantilever piles are sometimes used. 

3. USE OF GEOFABRIC TO STABILIZE STEEP 
SLOPES 

Geofabric has been found to be effective to 
stabi l ize steep slopes and embankments.  
The fabric is usually placed in horizontal 
layers wi thin the slope where the fabric 
functions as reinforcement . Potentially 
unstable slopes can also be 'stabilized with 
geo-anchors where the geofabric is utilized 
in the soil both as reinforcement and to 
improve the drainage as described in the 
following. This new method can also be 
applied to stabilize failed slopes , or to 
improve the stability of ' embankments as 
i llustrated in Fig. 1 .  

In a geo-anchor woven the geofabric is 
wrapped around a pervious core (Fig. 2) 
.consisting of clean granular material 
(coarse sand . gravel or crushed rock) . The 

Potential 
Sliding Surlace "",,,*,,,"f,T'I"-c'\:-c,,-., 

geo-anchors which are constructed in 
shallow trenches as shovm wi ll  reinforce 
the slope and reduce the excess pore water 
pressures since they also function as 
drains , thereby increasing the shear 
strength and the stabili  ty. The geofabric 
al so serves as a f i I ter aroun� the 
geo-anchors to prevent clogging of the 
drains . 

One addi tional advantage with the 
proposed method is , that the temporary 
reduction of the stab i l i ty of the slope 
wi l l  be smal l during the construction of 
the trenches �hich are required for the 
geo-anchors.  

3. 1 Spacing and Depth of GeQ-Anchors 

The required spacing of the geo-anchors as 
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Fig. 1 Slope s tabi lized with geo-anchors. 
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Fig. 3 Flow-net for slope stabil ized 
with geo-anchors. 
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well as their size depend on the excess 
pore water pressures that can develop in 
the potentially unstable slope. For many 
applications , 0 . 4  to 0 . 5  m wide and 0 . 5  to 
0.6 m high drains spaced 3 . 0  m apart are 
adequate. The excess pore water pressure 
can be determined for example by means of a 
flovmet as shovm in Fig. 3 .  I t  is 
important that the granular material in the 
c:rains is pervious compared wi th the 
permeability of the slope material . It can 
be seen from the f lownet that the pore 
\Vater pressure in the slope wil l  be reduced 
considerably since the flowl ines above the 
drains are almost vertical as shown in 
Fig. 3 .  

The geo-anchors can be used t o  increase 
the stability of existing s lopes or to 
stabil ize failed slopes . The required 
cepth of the geo-anchors depends " on the 
stabi l i ty of the trenches to be excavated 
in the slopes. The maximum depth is about 
4 m deep. This depth is usually sufficient 
for slopes in residual soi l s  or in 
w':!athered rocks because most slides are 
shal low in these materials ,  less t�n 3 to 
4 m. 

3 . 2  . Required 
Geo--anchors 

Tensi le Strength of 

The required tensi le strength of the 
geofabric can be calculated as shown in 
Fig. 4 by considering all  the forces acting 
on the sl iding soi l mass above a possible 

" slip or failure surface in the soi l .  The 
failure surface i s  often located at the 
contact between the completely weathered 
and the underl�ing partially weathered 
material . 

For a plain failure surface . the 
orientation of the geo-anchors should 
preferably be perpendicular to the 
resultant to the normal reaction force and 
the shear resistance of the weathered 
material along the potential failure 
surface , as shown in the figure. The 
optimum orientation is also affected by the 
maximum depth that can be obtained with the 
available construction equipment . 

The required tensi le resistance , T of a 
the geofabric per unit width (kN/m) can be 
determined as fol lows 

T a 

RS 

2(b+h) 

( 1 )  

P, (Force from active 
earth pressure and 
water pressure in 
cracks) 

'\ .. I // \ I /' " ')0 [ .,./ (�-I-/ . 
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\ 

/' 
/ 

/ /' 

, \ 

T (Tensile force 

'"/ in geo-anchor) �(Pore water force) 

) R' (Resultant to the 
normal effective force 

- J N' and the resulting 
.-/ shear resistance 

N' lanCl)') 
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/' 
<1>' (Mobilized angle 
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lal Slope stability (b) Force polygon 

Fig. 4 Stability of s lope reinforced with geo
"
-anchors. 
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wnere R is the force to be resisted by the 
geo-anchors per unit width of the slope. S 
is the spacing T is the allowable 

a 
tensile resistance of the fabric per m and 
2(b+h) is the perimeter of the geo-anchors .  
T'le allowable tensile  force T .  which a 
depends on the creep strength of the 
geofabric and tna required factor of 
safety, is usua l ly 30% to 40% of the short 
term tensi l e  strength of the fabric.  

3 .3  Deformations of Geo-Anchors 

The geofabric ava,i lable in the market at 
present ( 1992) usually requires an 
elongation of 14% to 50% before the 
ultimate tensi le strength of the fabric is 
mobilized. Since the axial strain which is 
required to develop the required tensile  
resistance is much less for woven than for 
non-woven geofabrics only woven fabrics 
should be considered for the geo-anchors.  

The length. L. which is required to 
transfer the load in fabric reinforcement 
to the surrounding soi 1 can be calculated 
as follows : 

RS 
L = -------- (2) 

(2h K + 2b a�) tan $� 
where u ' is the vertical effective stress v 
at the center 
coefficient of 
the compacted 
geo-anchor . 

of the drain, K is the 
lateral earth pressure of 

granular material in the 4> '  i s  the friction angle a 
between the geofabric and the soi 1 .  h is 
the height and b i s  the width of the 
geo-anchor s .  The required transfer" length 
is about 1 . 25 m for a 0 . 5  x 1 .0 m 
geo-anchor located at 3 m depth. The 
transfer length is thus small  due to the 
large surface area. It has been assumed in 
the calculations that .the force in the 
fabric i s  35 kN/m. that the unit weight of 
the soi l is

·
20 kN/m3 and that the friction 

angle � .  i s  25 degrees . a 
The deformation 6 of the geofabric which is 
required to mobilize the required tensile  
force can be estimated from the fol lOWing 
equation : 

(, = L x ,,/100 (3) 

where L is the required transfer length and 
c i s  the uni t  elongation needed to mobi lize 
the tensile resistance of the geofabric.  
In the case c = 3% then the elongation wi l l  
be 37 mm at a transfer length of 1 . 25 m .  
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I t has been assumed in the calCUlations 
that the strain in the fabric increases 
linearly wi thin the anchor zone . 

3 . 4  Compaction of the Fill 

During the construction of the geo-anchors 
i t  i s  important to compact the granular 
f i l l  in the trenches in thin layers in 
order to increase the lateral earth 
pressure in the f i l l  and therefore the 
friction between the fabric and the trench 
wal l s .  The compaction should be done in 
the downhi l l  direction in order to 
pretension the fabric .  In this way. the 
elongation which is required to mobi lize 
the required tensi l e  resistance of the 
geo-anchors wi l l  be reduced. 

4 STABILIZATION OF A SLIDE AT NTI IN 
SINGAPORE 

Geo-anchors have been used to stabilize a 
lands 1 ide on the campus of the Nanyang 
Technological Universi ty (NTU) located in 
the western part of Singapore Island. The 
slide occured early 1984, during a period 
of heavy rainfall  between Student Hostel 
Block E located at the toe of a steep slope 
and two other dormitories at the crest of 
the slope. Prior to the failure the 
average height of the slope was about 7 m 
and the average inclination 37 degrees. An 
existing rubble wal l  with· a height varying 
from 1 . 70 m to 3 . 50 m failed during the 
landslide and a scupper drain at the toe of 
the rubble wal l  was damaged. The ground 
immediately in front of the displaced 
rubble wal l  heaved about 200 mm. 

The soil mass affected by the slide 
continued to move at a slow rate during 
1984. The total final lateral displacement 
of the wal l  was approximately 700 mm. The 
toe moved about 300 mm. 

4 . 1  Site Investigation 

The failed slope was investigated by 
weight and ram soundings . Also undisturbed 
block samples were taken of the soil in the 
failed s lope in order to determine in the 
laboratory the shear strength and other 
properties of the soi l .  

The slope material consisted of residual 
soi l  and of highly or completely weathered 
s�dimentary rocks . mainly weathered 
mudstone of the Jurong Formation. A sieve 
analysis indicated that the slope material 
consisted of 9% gravel , 7% sand and 84% 
s i l  t and clay size particles . The liquid 
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Fig. 5 Weight sounding test results and failure surface - Profile I .  NTU block E Slide. 

1 imi t of the material was 56% and 
piastici ty index 29%. The average natural 
water content of the slide material was 
33%, a few percent above the plastiC l imi t .  
Consolidated-drained direct shear tests 
(CD-tests) using block samples of the slide 
n�terial indicated an effective cohesion 
c' � 0 and a peak friction angle ( oj> ' )  of 
26° . The residual friction angle.  as 
determined consolidated drained ring shear 
tests , was low. only 16° . The undrained 
shear strength determined by triaxial tests 
(UU-tests) varied between 50 and 100 kPa. 

The location of the sliding surface- as 
inferred from the is  shown in weight 
soundings . Fig. 5. The depth and the shape 
of the failure surface agreed well with the 
location of the scar after the slip at the 
crest and the bulge at the toe of the 
slope .  

4 . 2  Remedial Works �ight geo-anchors were installed at Block . They were 0 . 5  m wide and 1 . 0  m high and s�ced 3 . 0  m apart .  Four layers of FOV po yester fabric with a ultimate tensile S trength of 40 kN at 14% elongation were l<irapped around the pervious COTe A cross sect ' . 
r.,. ' Ion of the slope wi th the geo-anchor �lnforcement is  shown in Fig. 6 .  The 
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geo-anchor- are connected to the crib wall 
at the toe of the slope . The crib wal l  i s  
f i l led with crushed rock i n  order to 
improve the drainage . 

Horizontal layers of fabric were also 
placed between the transverse drains to 
increase the stabi lity of the slope with 
respect to shal low s lides. A layer with 
geofabric was , also placed as a fi lter 
between the horizontal strips to prevent 
the soil from being washed into the_ drains . 

The failed slope was reconstructed in May 
and June 1985. The up to 4 m deep trenches 
were easy to excavate from the top· of the 
slope using a backhoe . A temporary bench 
W:3.S cut at the middle of . the slope so that 
the lower part of the trench could be 
excavated next to the crib wal l .  The 
granular material in the trenches was 
compacted using a plate vibrator . 

Horizontal strips of geofabric were 
placed in the slope to prevent shallow 
slides during the backfi l l ing. Geofabric 
was also used behind the cribwall  as a 
fi lter. The stabilization works was 
completed in June 1985. 

has wi thstood 
No further 

the crib wal l  

The stabilized slope 
several heavy rainstorms . 
movements of the slope or of 
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beyond the stabil ized part 
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where a minor slip has occ�red. The 
cribwal l was therefore extended in order to 
stabilize also this part of the slope. 

5 SUMMARY 

Geo-anchors have been used successfully to 
stabilize a steep s lope in residual soil 
and weathered rock on the campus of the 
Nanyang Technological Universi ty (NTU) in 
Singapore. Woven high strength geofabric 
was wrapped around the drains which 
consisted of clean granular material s .  The 
geo-anchors. which were p laced in deep 
trenches excavated in the slope. function 
both as drains and and as anchors in the 
soi l in order to increase the stability of 
the unstable s teep slope. 

The method that was used to evaluate 
their effectiveness of the geo-anchors as 
reinforcement in residual soil and 
weathered rock is described in the paper .  
No further movements of the fai led slope 
have been observed after the installation 
of the geo-anchor s .  
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