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1 INTRODUCTION 

Reinforced soil structures built for retaining spoiled materials or 
for raising usable area on top of the backfill are one of the com-
mon retaining structures in civil engineering and environment-
protection projects.  The engineering practice for designing rein-
forced retaining structures has been well understood and used for 
several decades.  Analysis and design of reinforced retaining 
structures are normally carried out in terms of internal stability 
and external stability through a typical cross section of the rein-
forced retaining structure.  However, two reinforced soil struc-
tures used for retaining dumped materials collapsed in a torren-
tial rainfall in northern Taiwan in 1998.  A significant discovery 
in the field investigation for the two failure cases is that rein-
forcements parallel to the longitudinal direction of the reinforced 
structure rupture thoroughly in the section between the middle 
and edge of the reinforced retaining structure.  The finding in the 
failure cases cannot be interpreted by conventional failure 
mechanisms in terms of two-dimensional analysis.  It gives us a 
thought that failure mechanism of the reinforced retaining struc-
tures may take place with three-dimensional effect.    

Ruptures in geogrids normal to the cross section of the rein-
forced retaining structures identified in the field indicate that the 
reinforced retaining structures may suffer excessive bending and 
its bending stresses in the geogrids are greater than its tensile 
strength in the direction normal to the cross section of the soil 
structure.  Failure of the reinforced retaining structure observed 
is similar to bending failure of a beam with lateral external force.  
This type of failure mechanism in the reinforced retaining struc-
ture is completely different from the current design consideration 
in internal failure of reinforced retaining structures, i.e. check of 
rupture failure of reinforcement in a cross section.  In addition, 
the current design practice also does not take into account the 
three-dimensional beam effect in the analysis of external failure 
mechanisms, i.e., sliding, bearing capacity, overturning, and 
deep-seated global failure.  Conventional analysis, a plane strain 
consideration, through a typical cross section of the reinforced 
retaining structure is not able to picture the failure mechanism 
with three-dimensional effect in geometry and external forces.   

Two failure cases of the reinforced retaining structures re-
lated to a new failure mechanism with three-dimensional effect 
are described in this paper.  The three-dimensional behavior in 
terms of beam effect and valley effect on the design of rein-
forced retaining structures is proposed.  Furthermore, a correc-

tive measure for design of reinforced retaining structures to con-
sider beam effect is also proposed in this paper. 

2 DESCRIPTION OF TWO FAILURE CASES OF 
REINFORCED RETAINING STRUCTURES 

2.1 Failure of a reinforced retaining structure for 
accommodating cinders -Wugu case 

The reinforced retaining structure, located at Wugu, Taipei 
county, Taiwan, was constructed to accommodate cinders, which 
are remains of garbage after burning.  Construction of the dump 
site was completed in 1994.  The reinforced retaining structure 
collapsed three days after a torrential rainfall induced by Ty-
phoon Zeb on October 14, 1998.  Overview of the failure site is 
shown in Photo 1.  Shown in Photo 2 is a close view of tensile 
failure on the geogrid in the direction perpendicular to cross sec-
tion of the reinforced soil structure.   

The reinforced soil structure is located on the lower one third 
of a valley.  The dump site covers a width of 170 m and a length 
of 250 m.  Difference in elevation from top of the dump site to 
location of the reinforced retaining structure is about 50 m. 
Typical geometric profiles of the slope after completion of con-
struction of the dump site and after failure are shown in Figure 1. 
Average gradient of the valley on upslope of the reinforced re-
taining structure is about 5° before backfilling.  Geology at shal-
low depth of the site is primarily composed of gravel deposit 
with clayey and sandy materials. 

The reinforced soil structure is designed with wrapped-
around geogrid on both sides.  Typical design profile of the rein-
forced retaining structure is shown in Figure 2.  Widths of the re-
inforced retaining structure on bottom and top are 10~19 m and 
5 m, respectively.  The structure is 22 m in height and is 30 m 
long.  Vertical spacing of the geogrid is 0.5 m.  The original 
ground surface behind the reinforced soil structure is covered 
with impermeable geomembrane in order to avoid infiltration of 
the foul water into the groundwater.  The soil used for construct-
ing the reinforced soil structure is mainly sandy material mixed 
with gravel and silt.  The reinforced soil structure is used func-
tionally as a retaining structure. 

The area behind the reinforced soil structure was not filled 
with garbage cinders to its full height prior to failure.  Collapse 
of the reinforced soil structure was primarily induced by unex-
pected water pressure and infiltration of runoff into bottom of 
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the reinforced soil structure through fracture of the geomem-
brane according to the failure investigation.  Height of the water 
level was estimated as 2 m above the ground level behind the re-
inforced soil structure. 

Photo 1 Overview of failure of the reinforced soil structure 
at Wugu, Taipei county, Taiwan 

Photo 2 Tensile failure of the geogrid in direction normal to 
cross section of the reinforced soil structure 

Figure 1 Typical profile of ground surface of the slope after 
completion of the dump site and after the collapse 

Figure 2 Typical design profile of the reinforced retaining struc-
ture at Wugu, Taipei County, Taiwan 

2.2 Failure of a reinforced retaining structure for retaining 
spoiled soil -Sanzhi case 

The reinforced soil structure, located at Sanzhi, Taipei county, 
Taiwan, was constructed to accommodate spoiled soil.  The rein-
forced soil structure collapsed twelve days after a torrential rain-
fall induced by Typhoon Zeb on October 14, 1998.  Geogrid was 
used as reinforcing material for the reinforced soil structure. 
Overview of the failure site at Sanzhi is shown in Photo 3. 
Photo 4 shows performance of relaxation on geogrid on the slope 
after overstressing; the wave-like shape of the failed geogrid in-
dicates that the geogrid has experienced excessive tensile 
stresses. 

Photo 3 Overview of failure of the reinforced soil structure 
covered with impermeable sheet at Sanzhi, Taipei 
county, Taiwan 

Photo 4 Relaxation of geogrid after overstressing on the slope 
after failure at Sanzhi, Taipei county, Taiwan 

The reinforced soil structure was located on the upper one third 
of a valley.  Geometric profile of the original ground surface of 
the dump site and typical design section of the structure are 
shown in Figure 3.  Average gradient of the slope along the val-
ley is about 5°.  The dump site covers an average width of 100 m 
and a length of 140 m.  Geology at shallow depth of the site is 
primarily composed of brown clayey materials mixed with 
gravel deposit.   

The reinforced retaining structure is designed with wrapped-
around geogrid on both sides, and it is designed with three 
various arrangements in reinforcing material.  Lengths of the 
geogrid are 8.5 m, 10.5 m, and 7.5 m for upper, middle, and 
lower part of the soil structure, respectively.  The reinforced soil 
structure is 14 m in height, and it crosses a valley with a length 
of approximately 100 m.  Vertical spacing of the geogrid is 0.5 
m.  Cross section of the reinforced soil structure across the 
valley is shown in Figure 4.   

Gradient of the slope filled above the reinforced retaining 
structure is about 30°~35°.   Height of the backfill is 24 m, 
which is averagely 10 m more than that in original design.  Pri-
mary factors contributing to failure of the reinforced soil struc-
ture based on the investigation can be summarized as: 1) The 
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backfill on the site is more than expected in quantity and height; 
2) The reinforced retaining structure situating on a valley be-
haves as a beam.  The major principal stress direction on the re-
inforced retaining structure at the site could be quite different 
from that assumed in the original design.  The overlapping of 
geogrid in direction normal to the cross section of the soil struc-
ture could be the weakest spot subjected to tensile forces, as ob-
served at the site; 3) Surface and ground runoff accumulating 
through terrain of the valley on back of the reinforced retaining 
structure was not properly directed away to the drainage system; 
4) Design of the reinforced soil structure is inadequate in terms 
of length and strength of the reinforcing material; 5) Heavy rain-
fall plays the trigger for the failure of the slope.           

Figure 3 Typical design profile of the reinforced soil structure 
and geometry of the slope before dumping at Sanzhi, 
Taipei County, Taiwan 

Figure 4 Cross section of the reinforced soil structure across the 
valley at Sanzhi, Taipei County, Taiwan 

3 A NEW FAILURE MECHANISM WITH THREE-
DIMENSIONAL EFFECT FOR REINFORCED 
RETAINING STRUCTURES 

3.1 Long beam effect 

Two failure cases of reinforced soil structure, Wugu site and 
Sanzhi site, described in this paper show similarities in: 1) situ-
ated on the middle of a valley; 2) improper drainage arrangement; 
3) large ratio of length of the reinforced retaining structure as 
compared to its width; and 4) occurrence after a torrential heavy 
rainfall.  Investigations at both of the failure sites show that 
geogrid of the reinforced retaining structure experienced severe 
tensile rupture in the direction normal to cross section of the re-
inforced retaining structures.  It denotes that the geogrid in the 
direction normal to the cross section of the soil structure experi-
ences a tensile stress exceeding its tensile strength.  As a matter 
of fact, tensile failure on the reinforcement normal to the direc-
tion of the cross section is normally not considered in the current 
design practice, while the direction along cross section of the re-
inforced retaining structure is the major concern of tensile failure 
in the reinforcement in the current design practice.  

The reinforced retaining structures at Wugu site and Sanzhi 
site are believed to suffer bending stresses in its “long” direction 
according to the field investigations.  The beam effect on the re-
inforced retaining structure may occur for the situation that 
length of the reinforced retaining structure is great compared to 

its width, i.e., slenderness ratio of the reinforced soil structure is 
large.  However, failure mechanism induced by beam effect is 
normally ignored in the current design practice.     

Interpretation of the beam effect on the reinforced retaining 
structure is shown in Figure 5.  Shown in Figure 5(a) is a cross 
section of the reinforced retaining structure used in normal sta-
bility analysis.  Nevertheless, the failure mechanism shown in 
Figure 5(b) is barely a concern in design of reinforced retaining 
structure.  The situation may exist if the driving force applied on 
back of the reinforced soil structure is in a non-uniform distribu-
tion and the structure is long enough compared to its width, e.g., 
the reinforced retaining structure situated on a valley.  Distribu-
tion of driving forces on the reinforced retaining structure has a 
significant effect on deformation of the structure.  Tension rup-
ture may take place on the front face of the reinforced retaining 
structure; and it is just like bending failure of a beam under ex-
ternal forces.  The phenomenon may take place on the reinforc-
ing material itself or on the overlapping portion of the rein-
forcements.  The reinforcing materials may rupture if the tensile 
stress induced by bending in the direction perpendicular to the 
cross section of the reinforced retaining structure reaches its ten-
sile strength.  Failure mechanism for two failure cases described 
in this paper is quite similar to that shown in Figure 5(b).   

In the current design practice for reinforced retaining struc-
tures, four types of external failure mechanisms, i.e., sliding, 
bearing capacity, overturning, and deep-seated global failure, are 
taken into account in the stability analysis in addition to internal 
tensile failure in the reinforcements.  Cross section of the rein-
forced retaining structures is typically used for analysis.  Tensile 
strength in the reinforcing materials or connecting strength in the 
overlapping portion in the direction perpendicular to the cross 
section of the structure normally is not considered in the design. 
The ignorance may be justified for regular problems with plane 
strain condition.  However, it may be inadequate for reinforced 
retaining structures undergoing non-uniform distribution of ex-
ternal forces on back of the structure, e.g., valley or hillside with 
undulating terrain.         

(a) Typical cross section 

(b) Plan view of beam effect on the reinforced retaining structure

Figure 5 Schematic diagram of failure mechanism of a rein-
forced retaining structure induced by beam effect  



398

3.2 Valley effect 

Recently, reinforced soil structures are designed on valley as re-
taining structures for dump sites.  Valleys are normally “V” or 
“U” shape.  The dumped materials or backfill may result in a 
non-uniform distribution of driving forces on back of the 
reinforced retaining structure.  Distribution of force vectors on 
back of the reinforced retaining structure on a valley is shown in 
Figure 6.  Vectors of the driving forces on side slopes induced by 
the dumped materials or backfill are towards the direction with 
an angle deviated from centerline of the valley.  The driving 
forces on the side slopes would converge to the bottom of the 
valley on back of the reinforced retaining structures.  Thus, most 
of the driving forces applied on the reinforced retaining structure 
would concentrate at the central zone of the valley.  Concen-
trated driving forces on back of the reinforced retaining struc-
tures would be unexpectedly greater than that used in typical de-
sign.  Thus, stability of the reinforced retaining structure would 
be unconservative if the valley effect is not taken into account.   

Furthermore, the surface runoff, resulting from the rainfall, 
normally accumulates and collects through valley.  The surface 
runoff may infiltrate into the ground.  However, path of the run-
off would be directed through the bottom of the valley.  Thus, 
there may be an extreme amount of water pressure applied on 
back of the reinforced retaining structure if collection system for 
the surface and ground runoff is not adequately designed and ar-
ranged.  It should be noted that water pressure accumulated on 
back of the reinforced retaining structure cannot be ignored in 
analysis of reinforced soil structures situating on a valley. 

The concentrated driving forces and unexpected water pres-
sure on back of the reinforced retaining structures are especially 
important for reinforced soil structures situating on a valley.  The 
driving forces concentrated on bottom of a valley would bring a 
deficiency to the current design practice for the reinforced retain-
ing structures.          

Figure 6 Schematic diagram of force vectors applied on back of 
reinforced retaining structures on a valley 

4 RECOMMENDATIONS FOR DESIGN OF REINFORCED 
RETAINING STRUCTURES WITH THREE-
DIMENSIONAL EFFECT 

Design of reinforced retaining structures with long beam effect 
or valley effect can be improved with special considerations in 
the direction normal to cross section of the reinforced retaining 
structures in addition to the required stability analysis of a typi-
cal cross section.  Tensile capacity of the reinforcements in di-
rection normal to the cross section of the reinforced retaining 
structures needs to be fortified, especially in the connection 
strength of the overlapping portion of the reinforcements.  A 
simple method proposed in this paper is to install supplementary 
reinforcing materials in direction normal to the cross section of 
reinforced retaining structures.  In other words, tensile capacity 
to resist bending stress in direction normal to the cross section of 

the reinforced retaining structures is improved with stronger ma-
terials.   

A schematic diagram demonstrating the idea of supplemen-
tary reinforcing materials is illustrated in Figure 7.  The supple-
mentary reinforcing materials with a width of 2 to 4 m measured 
from the edge of the wall face are recommended to arrange con-
tinuously along the direction normal to the cross section of the 
reinforced retaining structures and to cover up the overlapping 
portion of the regular reinforcements.  The tensile stresses, re-
sulting from external forces on back of the structure, existing on 
front of the reinforced soil structure would be taken by the sup-
plementary reinforcements deploying normal to the regular rein-
forcements. 

Figure 7 Recommendation of a corrective measure on design of 
reinforced retaining structures with three-dimensional 
effect 

5 CONCLUSIONS 

A new failure mechanism for reinforced retaining structures is 
proposed in this paper based on field investigations of two fail-
ure cases occurred in Taipei county, Taiwan in 1998.  The new 
failure mechanism for reinforced retaining structures proposed is 
illustrated in terms of long beam effect and valley effect, i.e., 
three-dimensional effect.  The new failure mechanism are char-
acterized with tensile rupture of reinforcements in direction 
normal to the cross section of the reinforced retaining structures, 
and it is similar to bending failure of a structure with large slen-
derness ratio.   

In the current design practice, however, only cross section of 
the reinforced retaining structure is typically taken into account 
in the stability analysis in terms of external and internal failure 
mechanisms.  Tensile capacity of the reinforcement in direction 
normal to the cross section of reinforced retaining structures is 
ignored in the current design practice.  Failure mechanism with 
three-dimensional effect may take place under the circumstances 
that the driving force applied on back of the reinforced soil struc-
ture is in a non-uniform distribution and length of the reinforced 
soil structure is great compared to its width.  Beam effect or 
three-dimensional effect need to be taken into account in the sta-
bility analysis for most of the reinforced retaining structures con-
structed on a valley. 

In addition, a corrective measure for design of reinforced re-
taining structures to avoid bending failure is also proposed in 
this paper.  Tensile resistance in direction normal to the cross 
section of the reinforced retaining structures is enhanced with 
supplementary reinforcing materials.  The supplementary rein-
forcing materials are recommended to arrange continuously 
along the direction normal to the cross section of the reinforced 
retaining structures and to cover the overlapping portion of the 
reinforcements thoroughly.      
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