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Failure Analysis of Modular-Block Reinforced-Soil Walls
during Earthquakes

Hoe I. Ling, M.ASCE,1 and Dov Leshchinsky, M.ASCE2

Abstract: Several modular-block reinforced-soil retaining walls failed during the 1999 Ji-Ji~Chi-chi! earthquake of Taiwan. Simil
walls showed distress during the 1994 Northridge, Calif., earthquake. The instability or failure of these walls offered an oppo
validate the simplistic pseudostatic limit-equilibrium procedures. In this study, the Ta Kung Wall of the Ji-Ji earthquake is anal
the Gould and Valencia Walls of the Northridge earthquake are revisited with an improved estimation of local site acceleration.
acceleration was estimated by using simple attenuation relationships obtained through the earthquake records. The results
indicate that these three walls had adequate internal stability under estimated site acceleration. The geosynthetic length was in
resist compound modes of failure where the potential failure surface extends beyond the reinforced zone. The external stabilit
critical in the presence of horizontal and vertical accelerations.
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Introduction

Several case histories have shown satisfactory performan
geosynthetic-reinforced soil-retaining structures under earthq
loading ~Eliahu and Watt 1991; Collin et al. 1992; Sandri 19
White and Holtz 1997; Tatsuoka et al. 1995, 1997!. However, a
reinforced-soil structure with modular-block facing is a relativ
new wall system~Collin 1997!, and they have therefore not be
subject to many earthquakes. Sandri~1997! reported the perfo
mance of four modular-block walls during the 1994 Northri
earthquake in California, with most of them showing satisfac
performance, except for two that showed minor cracking a
crest of backfill. In the 1999 Taiwan earthquake, two modu
block reinforced-soil retaining walls failed catastrophically~Ling
et al. 2001, 2003!. In addition, two modular-block reinforced-s
retaining walls failed during the 2001 Nisqually earthquak
Washington State~Kramer and Paulsen 2001!. Although the fail-
ure of pipelines was observed for the walls in Washington,
not certain whether the failure of the wall induced the failur
the pipeline, or vice versa. These walls represented differen
prietary systems, and the failures may not indicate a weakne
a particular system. Typically, failures are attributed to design
construction deficiencies. Thus, postfailure analysis enables
ter understanding of the design procedure and possibly a
understanding of ways to improve it.
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A brief summary is given below for the modular-blo
reinforced-soil retaining walls during the Ji-Ji and Northri
earthquakes:

The Ji-Ji~or Chi-Chi! Earthquake occurred in Taiwan on S
tember 21, 1999, with a Richter magnitude of 7.3. The m
shock was recorded at 23.87°N, 120.75°E, in central Taiwan
depth of 7 km, as shown in Fig. 1~a!. The earthquake was caus
by rupture of the Chelungpu fault. The largest value of peak
zontal ground acceleration recorded was more thang
s1g=980 Gald. The ratio of vertical to horizontal acceleration w
very large. For one of the recording stations~TCU129!, which
was 13.5 km from the epicenter, the east–west~EW!, north–south
~NS!, and up–down~UD! components of acceleration were 9
611, and 335 Gal, respectively. Many conventional retaining-
systems located close to the fault collapsed. The performan
six reinforced-soil structures, which included four geosynth
reinforced soil retaining walls having modular block facing
two reinforced slopes, were reported~Ling et al. 2001, 2003!.
One of the walls that was located along the Ta Kung Roadw
Tai Chung City failed catastrophically~Fig. 2!, whereas the oth
wall, at Nai Lu Shi Park, deformed largely. The Ta Kung W
was 3.4 m high, had a slope angle of 75°, and was of four-b
s80 cmd vertical reinforcement spacing. The backfill material
a silty sand, and the reinforcement was a polyester geogrid
had a strength of 75 kN/m. The strength of the soil is obta
from standard penetration resistance, as discussed subseque
major crack was observed at a distance of 5.6 m behind the
A minor crack was also formed about 2.5 m behind the wall
corresponded to the length of geogrid~70% of the wall height!.
The transverse rib of the geogrid reinforcement was torn a
location of the connection pins in the modular blocks. Som
the pins were bent and yielded. The plane of maximum wall-
deformation is apparently of three-dimensional configura
which varies across the width of the wall~see Fig. 2!.

The Northridge earthquake occurred on January 17, 199
California and had a Richter magnitude of 6.6. The epicente
located at 34.21°N, 118.541°W. The Northridge earthquake

also characterized by the relatively large ratio of peak vertical to
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horizontal acceleration. Ling and Leshichinsky~1998! analyzed
the performance of two modular-block reinforced-soil retain
walls, called the Gould Wall and the Valencia Wall@Fig. 1~b!#.
The walls were 4.6 and 6.4 m high, respectively, and had a
slope angle of 86.4°. The backfill soil was a silty sand havin
unit weight of 20 kN/m3. The angle of internal friction of the so
was estimated as 33°. A polyester geogrid of strength 36 k
was used. These values were also used in a previous an
~Ling et al. 1997!, where the earthquake acceleration was sele
as 0.3 and 5g, respectively, for the Gould Wall and the Valen
Wall. The values of earthquake acceleration were quoted
Bathurst and Cai~1995!. In addition, the vertical acceleration w

Fig. 1. Location of modular-block reinforced-soil ret
aining walls:~a! Ji-Ji earthquake; and~b! Northridge earthquake
not considered.

118 / JOURNAL OF PERFORMANCE OF CONSTRUCTED FACILITIES © AS
Fig. 2. Failure of modular-block reinforced-soil retaining w
~Ta Kung Wall!
CE / MAY 2005
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The objective of this paper is to analyze the stability
modular-block reinforced-soil retaining walls during the Ji-Ji
Northridge earthquakes with a better estimation of local site
celerations. The earthquake accelerations were estimated
basis of attenuation relationships obtained from the earthq
records. An existing pseudostatic procedure that accounts fo
ferent modes of failure was used for the stability analysis. B
on the results of the analysis, the cause of the failure is discu

Local Site Accelerations

The peak horizontal and vertical accelerations recorded duri
earthquake vary with the distance from the epicenter. The d
of attenuation depends also on the wave characteristics, be
properties, the magnitude of earthquake, and so on. Several
ematical models are available to generate synthetic ground
tion ~e.g., Zhang and Deodatis 1998!, but they have not bee
widely used among geotechnical communities. Empirical f
tions, for example, the functions that correlate peak ground a
eration~PGA! with the distance from the epicenter~e.g., Boore e
al. 1997; Sadigh et al. 1997; Toro et al. 1997; Young et al. 1!
are commonly used. Seismic probabilistic maps are usually
erated with the help of these empirical functions. These func
are relevant for representing a particular region, and the acc
depends on available earthquake records. Typically, the c
cients of the function are updated after every earthquake
thereby improving the accuracy.

In this study, a simple correlation between the earthquak
celerations and distance is proposed using following functio

log ko = a + bD + cD2 s1d

whereko and D are the peak horizontal or vertical accelera
and the distance from the epicenter, respectively; anda, b, andc
are coefficients.

Taiwan has a strong motion instrumentation program wi
network of more than 600 seismometers to collect free
ground motion. The Weather Bureau of Taiwan released a s
three component accelerations for more than 422 stations r
to the Ji-Ji earthquake. Loh et al.~2000! compared the recorde
peak acceleration with the Taiwan “hard site” PGA attenua
formula and revealed that a smaller attenuation was obtained
the records than with the existing attenuation formula.

Fig. 3~a! shows the regression analysis for the accelera
attenuation of the three components of earthquake records
broad region covering a distance of more than 200 km. Fo
reinforced-soil retaining wall~Ta Kung Wall! under study, th
distance to the epicenter was 37 km. The records for the
stations closest to the location of the reinforced-soil retaining
are marked as filled dots. The attenuation relationship doe
give a satisfactory fit to the records obtained at the sites clo
the epicenter. To obtain a better correlation, a regression an
was conducted, with the distance narrowed down to less
50 km @Fig. 3~b!#, where the horizontal and vertical accelerati
were obtained as 0.2 and 0.14g, respectively~Table 1!.

A similar regression analysis was conducted to estimate
local site acceleration of two modular-block reinforced soil w
~Gould Wall and Valencia Wall! for the Northridge earthquak
using the records of the California strong motion instrumenta
program~CSMIP!. The records from a total of 26 stations w
used. The regression analysis was made for the horizonta
vertical directions~Fig. 4!. Note that specific orientation was n

mentioned for the horizontal direction. On the basis of the dis-
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Fig. 3. Ji-Ji earthquake attenuation relationship based on re
covering distance up to:~a! 200 km; and~b! 50 km
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tance of the Gould and Valencia Walls from the epicenter,
horizontal accelerations were obtained as 0.167 and 0.263g, re-
spectively, and the vertical accelerations were 0.09 and 0g,
respectively~Table 1!. The values of horizontal acceleration w
smaller than the 0.5g of the previous analysis~Ling and Lesh
chinsky 1998!. It appears that the previously used values we
few times larger than the correlation.

Stability Analysis and Comparison

The stability of reinforced soil structures was analyzed by u
the method proposed by Leshchinsky~e.g., Leshchinsky et a
1995!, which was also extended for seismic analysis~Ling et al.
1996, 1997; Ling and Leshchinsky 1998!. In the seismic analysi
the earthquake inertia force is considered pseudostatic an
expressed as a percentage of the gravity through the horiz
and vertical seismic coefficients. The procedure encompass
ternal and external stability analyses.

The internal stability is evaluated by using a tieback anal
assuming a log-spiral mechanism so that the length and str
of reinforcements are determined. The stability is achieve
anchoring potential failure soil mass into stable backfill. In

Table 1. Correlations between Accelerations and Distance from Ep

Earthquake Epicenter Direction

Ji-Ji
sMagnitude=7.5d

23.86°N, 120.82°E EW −0

NS −0.

UD −0.

Northridge
sMagnitude=6.6d

34°138N, 118°28W Horizontal −0

Vertical −0.

Fig. 4. Northridge earthquake attenuation relationship
120 / JOURNAL OF PERFORMANCE OF CONSTRUCTED FACILITIES © AS
external stability evaluation, direct sliding and compound fa
are considered. Direct sliding analysis is conducted by us
two-part wedge mechanism. Compound analysis consider
potential failure surface, which is a log-spiral, that occurs be
the reinforced soil mass. A component that is based on perm
displacement has also been proposed for design. The details
analysis are not included in this paper. In this study, the ana
was conducted using ReSlope~Leshchinsky 1999!, which is a
computer program that incorporates the previously menti
failure modes and methods of analysis.

The procedure has been validated by Ling et al.~1997! with
eight case histories, which included the 1994 Northridge e
quakesM=6.6d, the 1995 Kobe earthquakesM=7.3d, the 1993
Kushirooki earthquakesM=7.8d, and the 1987 Chiba-ken Toh
oki earthquakesM=6.7d. None of these walls were instrument
so the earthquake acceleration could only be estimated by
the records obtained from the nearest station. In this study
two walls of the Northridge earthquake are reanalyzed by u
the accelerations obtained from the attenuation relationships@Eq.
~1!#. Since failure analysis was a concern that is different f
design, the factor of safety has to be unity in the calculation
different modes of failure.

Ta Kung Wall, Ji-Ji Earthquake

The backfill soil properties obtained for the Ta Kung Wall
summarized in Table 2. The standard penetration resistance
backfill soil wasN=13, which was estimated to be 30° using
correlation of Peck et al.~1974!. The interaction coefficient b
tween the soil and grid was assumed as 0.8. Fig. 5 show
failure surfaces for the static and seismic conditions under
mated accelerations, and Fig. 6 shows the corresponding re
length and strength of reinforcement. For geosynthetic force
most critical condition was for vertical acceleration that
downward, whereas the most critical failure surfaces were
vertical acceleration that acts upward. The facing blocks wer
included in the tieback and compound analyses. The bottom
forcement layer did not pass through the base of the wall, s
direct sliding failure surface is shown in Fig. 5 for reference o
It can be seen from these figures that the wall was free
tieback and compound failures under static conditions.

Table 3 summarizes the results of the analysis. In the
earthquake, three geosynthetic layers were available to arre
tieback failure surface, and the total available geosynt
strength s225 kN/md exceeded the required value~43 kN/m
when vertical acceleration is considered!. Even if constructio
damage and degradation are considered, the available st
was still many times larger than the required strength. Thus

r

Coefficients

D ~km! kob c

−0.0180 0.00002 36.6 0.20

−0.0023 −0.00020 0.19

−0.0037 −0.00020 0.14

−0.0155 −0.00010 35~Gould!/26.6
~Valencia!

0.167/0.263

−0.0078 −0.00040 35~Gould!/26.6
~Valencia!

0.09/0.168
icente

a

.0618

3598

5037

.0752

2831
wall had adequate geosynthetic length and strength against tie-
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back failure. However, the results showed that the outer
compound failure surface passes behind the bottom reinforce
layer and reinforced zone when horizontal and vertical sei
accelerations of 0.2 and 0.14g, respectively, were considere
That is, compound failure was anticipated for the Ta Kung W
during the Ji-Ji earthquake. When the vertical acceleration i
considered, the end of the bottom geosynthetic layer is very
to the failure surface. Considering that the blocks were no
cluded in the analysis, it is reasonable to say that the wall w
have been stable against compound failure in the absence o
tical acceleration. However, with the vertical acceleration,
wall was no longer stable against compound failure~available
length of 2.7 m versus required length of 3.2 m!. Thus, the failure
of the Ta Kung wall was attributed to compound failure in
presence of horizontal and vertical seismic accelerations.
cracks that developed at the back of the backfill zone prov
evidence of the failure surface.

Gould Wall and Valencia Wall, Northridge Earthquake

Figs. 7 and 8 show the configuration of the Gould and Vale
Walls, respectively, with the associated failure surfaces. Th
rect sliding surfaces for the Valencia Wall were extremely l
because of the large earthquake acceleration, so they are n
cluded for seismic conditions. The total strength and lengt
reinforcement required to resist different modes of failure
summarized in Table 3. The surfaces for the most critical d
tions of vertical acceleration, which are downward for
strength and upward for failure surfaces, respectively, are sh
The results show that the Gould Wall was stable against tie
compound, and direct sliding modes of failure under static
seismic conditions, including vertical accelerations. The stab

Table 2. Backfill Soil Properties of Ta Kung Wall

Depth
~m! N-value

Sand
~%!

Fine
~%!

0–1 8 52.6 47.4

1–2 11 52.5 47.5

2–3 11 45.2 54.8

3–4 12 37.0 57.1

Fig. 5. Geometry and associated failure surfaces for Ta Kung
under static and seismic conditions
JOURNAL OF PERFOR
-

was evidenced during Northridge earthquake. The Valencia
was stable under static conditions, with all potential surface
cated within the reinforced zone. It was also stable intern
under estimated seismic loadings. Although the wall was su
to compound failure, it was also at risk of failure by direct slid
with the estimated local site acceleration. Sandri~1997! reported
cracking at the surface of backfill that gave evidence of ext
instabilities.

Summary and Conclusions

In this study, the cause of failure for a modular-block wall du
the Ji-Ji earthquake was discussed. The performance o
modular block walls during the Northridge earthquake was r
ited. An empirical function was calibrated against earthqu
records and used to estimate the local site accelerations. Th
bilities were determined on the basis of the pseudostatic
proach.

Soil type
wn

~%!
gt

skN/m3d e

SM 17.8 20.3 0.

SM 15.8 19.1 0.

CL 18.9 20.2 0.

ML 20.4 19.7 0.

Fig. 6. Required length and strength for Ta Kung Wall under s
and seismic conditions
MANCE OF CONSTRUCTED FACILITIES © ASCE / MAY 2005 / 121



Table 3. Required and Available Strength and Length of Reinforcement under Static and Seismic Conditions

Wall
Loading

conditions

Direct sliding Tieback strength
Compound

available strength
~kN/m!

Required length
~m!

Available length
~m!

Required
~kN/m!

Available
~kN/m!

Ta Kung Static — — — 225
~3 layers!

75
~1 layers!

kh=0.2
kv=0.0

— — 40.3 225
~3 layers!

0
~0 layer!

kh=0.2
kv=0.1

— — 43.1 225
~3 layers!

0
~0 layer!

Gould Static 1.14 3.0 55.5 432
~12 layers!

288
~8 layers!

kh=0.167
kv=0.1

2.73 3.0 77.7 432
~12 layers!

216
~6 layers!

kh=0.167
kv=0.09a

3.05 3.0 82.3 432
~12 layers!

216
~6 layers!

Valencia Static 1.58 4.9 107.5 288
~8 layers!

288
~8 layers!

kh=0.263
kv=0

8.2 4.9 182.6 288
~8 layers!

180
~5 layers!

kh=0.263
kv=0.168a

16.2 4.9 197.4 288
~8 layers!

144
~4 layers!

aMost critical direction of vertical acceleration.
Wall Wall
Fig. 7. Geometry and associated failure surfaces for Gould
under static and seismic conditions
122 / JOURNAL OF PERFORMANCE OF CONSTRUCTED FACILITIES © AS
Fig. 8. Geometry and associated failure surfaces for Valencia
under static and seismic conditions
CE / MAY 2005
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The results showed that in the presence of vertical acce
tion, compound failure was the most likely cause of failure of
wall during the Ji-Ji earthquake.

For the Valencia Wall, a combination of direct sliding a
compound modes could have lead to cracking and deforma

Although the acceleration used in previous studies~Ling et al.
1998! was more conservative than the present analysis usin
tenuation relationships, the results of the performance o
Gould Wall remained the same.
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