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ses (to investigate demand from ground shaking) as well as soil-
structure interaction analyses (to investigate demand associated with base shears and moment). Results 

 buildings during 
uake shaking, which contributes to bearing capacity failures at the edges of the foundation due 

to rocking effects. Similar analyses indicate high factors of safety (above unity) in foundation soils 
below one-story buildings as well in the free field. Accordingly, analysis of the site within a 
framework that systematically accounts for the clayey nature of the foundation soils successfully 

sistance ratio, bear 
capacity 

e 1999, Chi-Chi, Taiwan Earthquake caused extensive ground failure and structural damage in 
Wufeng, Taiwan. Liquefaction-induced ground failure occurred in the form of sand boils, lateral 
spreading, and ground settlement (Stewart, 2001). However, some of the most interesting examples of 
ground failure occurred in areas underlain by low plasticity clayey soils, in which ground failure was  
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CYCLIC SOFTENING OF LOW-PLASTICITY C
EFFECT ON SEISMIC FOUNDATION PER

ABSTRACT 
 
Significant occurrences of ground failure in the form of liquefaction, ground sof
spreading occurred in Wufeng, Taiwan during the 1999 Chi-Chi earthquake (Mw =
region is located adjacent to the ruptured fault on the foot wall, and experienced 
∼0.7 g.  We describe the results of field investigations and analyses of a small regi
that exhibited a range of ground performance. The investigated region is locat
trending line 350 m long. The east end of the line is a residential area with single-
which there was no evidence of ground failure. The west end of the line had 3-
concrete structures that were heavily damaged structurally, but which also und
foundation failures including differential settlement, foundation punching failures, a
bearing failures. No ground failure was observed in the free-field in the subject reg
consist of low-plasticity silty clays that extended to 8-12 m depth in the damaged ar
3-10 m depth in the undamaged area (east side). Analyses were performed of the p
softening of the clays, which effectively investigates the potential for large cycl
develop. The resistance of the clays to cyclic softening is evaluated using the re
specific strength testing (both monotonic and cyclic). The seismic demand appl
evaluated from ground response analy

of the analysis indicate low factors of safety in foundation soils below the six-story
earthq

predicts the field performance.  
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generally not manifest in the free-field nor beneath low-rise buildings, but only ben
3- to 6-story reinforced concrete frame structures with shallow foundations (mats 
will be shown in this paper, these case histories push

eath relatively tall  
and footings).  As 

 the limits of liquefaction analysis tools that form 
the current standard of practice. Accordingly, in this paper we analyze a well-documented case history 
using an alternative framework for ground failure in clayey soils. 
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Figure 1).The east 
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sisted of 3-6 story 
ut also underwent 
hing failures, and 
ngle-story housing 
 wide street. In the 
molished within 3 

ding complex used as a day care facility also 
collapsed and was demolished. Typical building damage involved column failure in the soft first floor 
level. These buildings also sustained settlement on the order of 10 to 30 cm. Many buildings also 
showed column failures with intermediate slab heaving. Surveys of the foundation 
slabs of two razed buildings in 2001 showed differential movement from the midpoint to the edge of 
slabs of 0.22 m over 2.7 m (8% slope) and 0.37 m over 6 m (6% slope). 
 

 

 
CASE HISTORY- WUFENG SITE A 

 
The subject of this paper is a region referred to as Site A located in the southern p
consists of a series of buildings along an E-W trending line (B-B’) 350 m in length (
end of the line B-B’ is a residential area with single-story buildings, which sustained
damage nor ground failure (see Figure 2). This single-story housing comm
approximately 200 m from the fault rupture. The west end of the line B-B’ con
reinforced concrete buildings that sustained not only heavy structural damage, b
extensive foundation failures including differential settlement, foundation punc
foundation bearing failures (see Figure 3).These two residential communities (the si
in the east side and multi-story apartments in the west side) are separated by a 30-m
west side, 11 out of 18 mid-rise buildings sustained severe damage and were de
months of the earthquake. In addition, a 2- to 3-story buil

 footing punching 
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Figure 1.  Basem
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ap for Wufeng Site A. The aerial photo used to construct the base map was 
 in 1997. Building height is indicated along with photo locations. (5F+1R 

indicates 5-story plus roof addition). 



  
 

Figure 2.  Single-story buildings on the east   Figure 3. Collapsed 6-story reinforced concrete 
side of Wufeng Site A (P-1  building on west side of Wufeng Site A (P-2 by 

R. Seed, 1999) 

 
In 2001 and 2002, we completed four rotary wash borings with SPT and in-situ vane shear tests, four 
back-hoe test pits for in-situ vane shear tests, and nine CPT soundings. Figure 4 presents an east-west 
cross section, which shows on the east side of Site A an approximately 3-10 m low plasticity silt and 
clay layer (plasticity index, PI= 0-13) and on the west side an approximately 8-12 m low plasticity 
(PI=1-16) silt and clay layer.  
 

by D. Chu, 2001) 

 
 

FIELD EXPLORATION 
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12<PI<18 and wn > 0.80LL were “systematically more resistant to liquefaction but still susceptible to 

  
Figure 4. Geotechnical cross section along the east-west direction of Wufeng Site A 

 
The surficial silty clays have characteristics that are at the boundaries of what is often judged 
liquefiable by index-test-based criteria such as that proposed by Bray and Sancio (2006) and 
Boulanger and Idriss (2006). Bray and Sancio recommended that soils with PI



cyclic mobility.” Figure 5 shows the LL, PI and wn test results for surficial silty
Site A and plots of the Bray-Sancio liquefaction susceptibility criteria. As can be 
approximately 50% of the clays will be susceptible according to the Bray-Sancio cri

 clays in Wufeng 
seen in Figure 5, 

teria. However, as 
described in detail by Chu (2006), a liquefaction analysis using common SPT and CPT based 
liquefaction correlations is unable to explain the observed field performance.  
 

 
 

Figure 5. Soil index test results (LL, PI and wn) of the silty clays in Wufeng S
liquefaction susceptibility criteria of Bray and Sancio (2006) 

 
 

LABORATORY TESTING 
 

A suite of tests were performed in a laboratory at National Chung-Hsing Universi
tests performed included soil index tests, consolidation tests, isotropically conso
(ICU) monotonic triaxial compression tests, cy

ite A and the 

ty in Taiwan. The 
lidated undrained 

t-cyclic monotonic 
 are described and 

e soil shear strength and stress profiles on the west side (3-6 
re evaluated using 
in Figure 7. Those 
tructures, with the 
 in-situ vane shear 

clic undrained triaxial tests, and pos
triaxial compression tests Details of each laboratory test procedure and the results
presented by Chu (2006). Summaries of th
story buildings) of the site are presented in Figure 6. Undrained strength ratios we
the SHANSEP technique (Ladd, 1991) using triaxial testing, with the results shown 
results were used to estimate pre-earthquake shear strengths beneath the affected s
results in Figure 6. Also shown in Figure 6 are undrained shear strengths (su) from
tests and calibrated CPT correlations [using Nk = (qc- vσ )/su = 20]. The in-situ van
used to evaluate both peak and residual shear strengths, and indicated a sensitivity ranging 
4.4 with an average sensitivity of approximately 2.1.  
 
Cyclic triaxial testing was performed n selected s

e shear tests were 
from 1.0 to 

pecimens to evaluate the number of cycles of 
shaking required to achieve ±3% axial strain. The 3% axial strain threshold was selected because it 
corresponds to the point where excess pore pressures have essentially reached their maximum levels 
and the point where continued cyclic loading produces a rapid increase in peak strains for soft clays. 
The resulting (τcyc/su) – N relationships are shown in Figure 8. Following the cyclic testing, post-cyclic 
undrained shear strengths were evaluated by monotonically shearing the specimens to failure. The post 
cyclic shear strengths were considerably less than the pre-cyclic strengths, as shown in Figure 7. The 
degradation ratio (ratio of pre-cyclic strength ratio divided by the post-cyclic strength ratio) is 
approximately 1.5 and 2.2 for over consolidation ratios (OCRs) of 2 and 3, respectively. The 
degradation ratio is generally slightly less than the sensitivity (2.1). 
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Figure 6.  Soil index tests, consolidation history and undrained shear strength profile for the 
west side 
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Figure 7. Comparison of the undrained shear strength ratio between the pre-cyclic monotonic 
and post-cyclic monotonic tests 
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Figure 8. Stress ratio (τcyc/Su) versus N curves resulting from cyclic triaxial u
 

ANALYSIS OF CYCLIC SOFTENING

ndrained tests  

 OF CLAYS 
 

uake shaking was 
SR) and the cyclic 

ide insight into the 
 shaking, and are 

Seismic Demand 
The CSR representing the seismic demand is evaluated in the traditional manner for soil liquefaction 
(i.e., the ratio of a representative cyclic shear stress acting on a horizontal plane to the pre-earthquake 
vertical effective stress.) It is necessary to consider the demand placed on the soil both from the free-

ibrating structure. 
ivalent-linear and 

s (Seed and Idriss, 

The potential for cyclic softening of the on-site low-plasticity clay during earthq
analyzed by comparing the seismic demand in the form of a Cyclic Stress Ratio (C
resistance in the form of Cyclic Resistance Ratio (CRR). These comparisons prov
potential for the clays to have experienced large cyclic strains during earthquake
conducted using the general procedure described by Boulanger and Idriss (2004). 
 

field site response and from soil-structure interaction effects associated with the v
Free-field seismic demand is evaluated using (1) simplified procedures, and (2) equ
nonlinear ground response analyses. In the simplified procedure, CSR is calculated a
1971):  
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σ
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where PHA represents the peak horizontal acceleration at the ground surface, g is the acceleration of 
gravity, and represents the total and effective vertical consolidation stresses at the depth of 
interest, and rd is a stress reduction factor. Chu (2006) utilized stress reduction (rd) factors from Cetin 
et al. (2004) and Idriss and Boulanger (2006), although in this paper we emphasize the results of site-
specific nonlinear wave propagation analyses.   
 
Seismic demand is induced in the foundation soils by the inertial forces associated with the vibrating 
building both because of the base shear at the foundation-soil interface and rocking, which cycles the 



normal stresses at the ends of the foundation. The building considered for soil-st
analysis is a typical 6-story reinforced concrete frame with masonry infill wall
consists of a combination of spread footings supporting four columns on the street s
and a mat supporting twelve additional columns. The stresses in

ructure interaction 
s. The foundation 
ide of the building 

duced by soil-structure interaction 
were found to be more severe for the footings than for the mat, hence for brevity we focus here on the 

ations. Additional details are presented by Chu (2006).  

Evaluation of Seismic Resistance 
The CRR represents the ratio of cyclic shear resistance to initial vertical effective stress. CRR can be 
expressed as: 
 

results for the footing found
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'
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'
,
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α,Nucyc  and the shear strength ratio vcu  are evaluated from laborator

Figures 8 and 7, respectively). C2D accounts for the additional cycles associated wit
shaking relative to single-direction sh

y test results (i.e., 

h multi-directional 
aking. Details of the analysis are presented by Chu (2006).  

Fig st side of Wufeng 
Site A. In Figure 9, CSR profiles at three locations under the footing are shown. The presence of the 

 due to base shear 
CSR. These effects are accounted for in the CSR profiles shown 

 
The presence of the building affects the cyclic resistance (CRR) relative to free-field conditions by:  

 given , which, 

 

vc

Summary of Findings 
ure 9 presents CRR and CSR profiles for the surficial clayey materials on the we

building affects the seismic demand (CSR) by:  
1) increasing 'σ for a given depth, which reduce CSR, and  
2) increasing the cyclic shear stress acting on horizontal/vertical planes (τhv)

and rocking, which increase 

'
pσ

in Figure 9.  

'

1) increasing the pre-earthquake '
vcσ for a given depth. This reduces OCR for a

in turn, reduces shear strength ratio ( )'/ vcus σ . Per Equation 2, this causes
an

 CRR to decrease; 
d  

stress ratio τcyc/su. 

d to cause CRR to 
hange depends on 

eneath the corner (point 
C) and edge (point B), CSR is increased near the surface (upper 2 to 4 m), and is generally decreased 
at large depth. 
 
The results indicate that the foundation soils underlying the 6-story structures would be expected to 
undergo cyclic failure (since CRR<CSR) from 2-3 m and 7-11 m depth. This result is generally 
consistent with the ground failure observed around these tall buildings. In the free-field, CRR is 
greater than CSR from 2 to 8 m depth. This result is generally consistent with the lack of free-field 
ground failure. Although not shown here for brevity, Chu (2006) shows that on the east side, CRR > 
CSR over the full depth of the clay (0 to approximately 5.0 m) both beneath the one-story structures 
and in the free-field. This is consistent with field observations of no ground failure in this area.  

2) increasing the static shear stress ratio, α (α = τstatic/ vcσ ), which decreases 
Per Equation 2, this causes CRR to decrease.  

 
Hence, the presence of buildings can cause CSR to increase or decrease, but will ten
decrease. This is illustrated in Figure 9, where CRR decrease is large and the CSR c
location. Beneath the center of the foundation (point A), CSR is decreased. B
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Figure 9. CRR and CSR profiles for free-field and beneath-building cases on
Wufeng Site A 
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BEARING CAPACITY FAILURE POTENTIAL EVALUATION 
 
In this section, we evaluate the bearing capacity of the foundation soils beneath the subject building on 
the west side of Site A to investigate whether bearing capacity theory, when used with properly chosen 
undrained strength parameters, can successfully predict the observed performance. There are three 
conditions to be analyzed. Two involve static bearing capacity, one pre-earthquake and one post-
earthquake with shear strengths reduced by cyclically induced pore pressures. The third condition 
involves bearing capacity during strong earthquake shaking. 
 



The long-term, static loading on the square footing is estimated to be 140 kPa. 
triaxial compression test results in Figure 7, the averaged undrained shear strength (
m clay is approximately 68 kPa. Considering the effects of anisotropy, the average
strength (su-ave) can be taken as 80% of the shear strength from triaxial compress
1991), which is about 55 kPa. Using Vesic (1973) bearing capacity theory, the
capacity for the footing is 350 kPa, which provides a pre-earthquake fa

Based on the ICU 
su) of the upper 10 
d undrained shear 

ion tests su (Ladd, 
 ultimate bearing 

y (FSpre-eqk) of 2.5. 
d shear strength is 

fety (FSpost-eqk) is then 
estimated to be 1.1 to 1.7. These analyses indicate that no significant bearing capacity problems would 

ent with reports of 
e earthquake.  

r inertial forces in 
 capacity).  Pecker 
earing capacity of 
s 2/3 of the peak 
so account for the 

giving a V/mg 
rtical stress acting 
1 kPa. If (su-ave) is 
unt for the faster 

provides a during-
earthquake factor of safety (FSeqk) of 1.6.  However, recognizing the cyclic softening of the clayey 
foundation soils predicted by the analyses described in the previous section, a reduced shear strength, 
corresponding roughly Accordingly, reducing 
s by factors ranging from 1.5 to 2.2 provides a FS  = 0.8 to 1.1. This suggests that the observed 

e-induced strength 
e foundation. 

 footing and mat 
ix story building (where ground failure was observed); (2) beneath the foundation of 

a single-story building (no observed failure); and (3) in the free-field (no observed failure). Cyclic 
 at a given depth, 
. Beneath footing 

o depth intervals (0-2 m and 8-10 m), 
indicating a potential for cyclic softening. Similar results were obtained for the mat foundation.  

indicate factors of 
 is consistent with 

are generally similar for the cyclic softening 
and bearing capacity analyses. However, it is desirable to perform both types of analyses because the 
cyclic softening results can provide insight into the undrained shear strengths that should be used for 
bearing capacity analysis (i.e., use of peak strength or a reduced strength).  
 
Analysis of the site in a liquefaction framework is not required to explain the field performance. In 
fact, Chu (2006) has shown that such analyses, using common SPT and CPT based liquefaction 
correlations, failed to simultaneously explain the failures of the tall structures on the west side and the 
lack of failure in the free field and in the shorter buildings on the east side. Instead, analysis of the site 
according to a framework that accounts for the clayey nature of the foundation soils (i.e., Boulanger 
and Idriss, 2004) is required to explain the observed field performance.  
 

ctor of safet
Following the earthquake, all conditions remain the same except that the undraine
reduced by a factor of ranging from 1.5 to 2.2; the post-earthquake factor of sa

be expected at the site either prior to or following the earthquake. This is consist
local residents, which indicate no continuation of foundation settlement following th
 
During the earthquake, the bearing capacity factor Nc is modified to Nce to account fo
the soil mass (sometimes referred to as a kinematic interaction effect on the bearing
et al. (1996) and Mylonakis et al. (2002) have found that this effect is small for b
undrained clays, and for an effective acceleration of approximately 0.4g (taken a
acceleration), Nce/Nc is approximately 0.88. The analysis of bearing capacity must al
“inclination” of the load acting on the footing. Using a peak base shear of 3550 kN, 
ratio of 0.19, Fci = 0.94 using the load inclination factors of Vesic (1973). The ve
during the earthquake is increased due to foundation rocking from 140 kPa to 23
taken as the pre-earthquake long-term static value but increased by 33% to acco
earthquake loading rate, the ultimate bearing capacity becomes 381 kPa, which 

with the post-cyclic undrained strength, should be used. 
u-ave eqk

foundation failures were in fact bearing failures that occurred due to both earthquak
reductions from pore pressure generation and large transient moment demands on th
 
 

SUMMARY AND CONCLUSIONS 
 
The potential for cyclic softening was evaluated for three locations: (1) beneath
foundations of a s

softening potential is evaluated by comparing the CSR and CRR. If CRR > CSR
cyclic softening is not expected, whereas cyclic softening is expected if CRR < CSR
foundations for the 6-story building, CSR > CRR over tw

Bearing capacity analyses using reduced strengths to account for cyclic softening 
safety against bearing capacity failure for the footings that are less than unity, which
the field performance.  
 
Factors of safety (FS) for the buildings on the west side 
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