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Abstract 

Shear bands are formed in saturated dense sand layers under lateral compression 

when localization of deformation is produced under unstable volume-expansion condi-

tions of plastic strain softening after the strain goes deep into the plastic range. Liquefac-

tion is a special failure phenomenon caused by shear banding that occurs during tectonic 

earthquakes. The occurrence of liquefaction encompasses three constituent elements: (1) 

the shear band derived from the localization of deformation, (2) the highly concentrated 

excess pore water pressure that is locally present in the shear band, and (3) the groundwa-

ter entrainment of small to large grained granular soils (such as silt, sand, and gravel) and 

their ejection upward sequentially along the outlet channel formed by pore spaces in the 

shear band. In comparison, the conditions for liquefaction proposed by most scholars (1) 
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define liquefaction as occurring outside the yielding surface where stress does not in fact 

exist, (2) imply that the farther the stress is from the yield surface, the higher the liquefac-

tion potential, and (3) assess the alluvial plains along the coast of Taiwan as liquefaction 

potential areas. Because liquefaction only occurs locally in shear bands and the propor-

tion of the area of the shear band is small, the authors suggest that the seismic design 

code of buildings should incorporate the results of this study, which more accurately re-

flect the real conditions, so that the liquefaction disaster reduction work can be carried 

out more economically and effectively. 
 
Keywords: tectonic earthquakes, liquefaction, three constituent elements, shear bands, 

pore water pressure, groundwater. 
 

 
Introduction 

 The liquefaction that occurs 
during tectonic earthquakes includes 
tubular liquefaction (Figure 1) and strip 
liquefaction (Figure 2). The main fea-
ture of liquefaction is that the ground-
water entrains silt, sand, and gravel, 
which it ejects upwards through the 

tubular or strip channels formed by 
interconnected pore spaces in the shear 
band (Hsu et al., 2017). Figure 3 fur-
ther shows that liquefaction only oc-
curs in shear bands derived from the 
localization of deformation that occurs 
during tectonic earthquakes.
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Figure 1. Tubular liquefaction that took place during the Jiji earthquake. 
 
 

 
 

Figure 2. Striped soil liquefaction took place during the Meinong Earthquake 
 (Liberty Time Net, 2016) 
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(a) On-site excavation profile                      (b) Explanatory diagram 
 

Figure 3. Typical liquefaction shear band profile (Walsh et al., 1995). 
 
 
Comparison of Proposed Liquefaction 

Processes 
 

Liquefaction Process Traditionally 
Proposed by Scholars  

The liquefaction process proposed 
by traditional scholars is illustrated in 
Figure 4, which shows how the effec-
tive stress related to the shear strength 
of the saturated loose sand layer de-
creases with an increase in the excess 
pore water pressure during liquefaction. 
At point A in Figure 4, the void ratio 
for the saturated loose sand layer is e0 

and the vertical effective stress is . 

During ground vibration, the excess 
pore water pressure increases and the 
vertical effective stress decreases, 
meaning that point A moves left to 
point B. Liquefaction is traditionally 
defined to occur when the shear 
strength is less than or equal to the 
shear stress. After liquefaction, the 
excess pore water pressure dissipates to 
zero and the vertical effective stress 
returns to ; the sand layer becomes 
dense so that point B moves obliquely 
to the right and downwards to point C 
(Kramer, 1996). 
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Figure 4. Relationship of decreasing the effective stress  with increasing the excess 
pore water pressure  during liquefaction for a certain point on the consolidation curve 

(redrawn from Kramer, 1996). 
 

Liquefaction Process Proposed by the 
Authors 

 
Under the continuous lateral 

compression of the saturated dense 
sand layer, when the strain goes deep 
into the plastic range, the dense sand 
layer will undergo plastic strain soften-
ing due to volume expansion, and thus 
localization of deformation will appear 
after the loss of stability and symmetry, 
resulting in shear banding (Rice, 1977; 
Rudnicki and Rice, 1975; Hsu, 1987). 
This changes the dense sand layer into 
a loose sand layer in the shear band. 
The shear banding also locally induces 
highly concentrated excess pore water 
pressure; therefore, groundwater can 
entrain small to large size granular par-
ticles such as silt, sand, and gravel and 

sequentially eject them upwards along 
the outlet channel formed by intercon-
nected pore spaces in the shear band. 
 

Comparison and Discussion 
 

Traditional scholars (Japan Road 
Association, 1996; Seed and Harder, 
1990; Tokimatsu and Yoshimi, 1983) 
define liquefaction as occurring when 
the safety factor of liquefaction resis-
tance FSL for the saturated loose sand 
layer is less than 1.0, where FSL = 
CSRRL/CSRE, CSRRL is the cyclic 
stress ratio of liquefaction resistance, 
and CSRE is the cyclic stress ratio of 
the design earthquake. In other words, 
traditional scholars define liquefaction 
as occurring in a space where the stress 
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is located outside the yielding surface f 
= 0 as shown in Figure 5. Traditional 
scholars also define liquefaction such 

that the farther the stress is located 
from the yielding surface f = 0, the 
higher the liquefaction potential. 

 

 
 

Figure 5. Traditional liquefaction and liquefaction potential defined as occurring in space 
where stress cannot exist (Tsao, 2019). 

1) Based on the theory of plasticity 
(Hill, 1950; Hsu, 2022a), the stress 
can only be located in the inner 
space surrounded by the yielding 
surface (i.e., f < 0) or on the yield-
ing surface (f = 0) but not outside 
the yielding surface where there is 
no stress (f > 0). Therefore, the 
definitions of liquefaction and liq-
uefaction potential proposed by 
traditional scholars are contrary to 
the theory of plasticity. 

2) Taking Tainan City as an example 
and using the traditional definition 
of liquefaction and liquefaction po-
tential (that are contrary to the the-
ory of plasticity), Figure 6 shows 
that the distribution map of lique-
faction potential would cover the 
entirety of the alluvial plains in 
Tainan City. 
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Figure 6. Distribution of liquefaction potential in Tainan City, Taiwan  
(Central Institute of Geological Survey, 2016). 

 
 

4) The black dots in Figure 7 indicate 
the locations where liquefaction oc-
curred in Tainan during the 2016 
Meinong earthquake. From Figure 7, 
it is evident that liquefaction only 
occurs locally during tectonic earth-

quakes; therefore, the occurrence 
conditions for liquefaction and liq-
uefaction potential as defined by 
traditional scholars do not meet the 
actual requirements. 
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Figure 7. Locations of liquefaction induced by the Meinong earthquake and the  
distribution of liquefaction potential as proposed by traditional scholars 

(Central Institute of Geological Survey, 2016; Hsu, et al., 2017). 
 

 
5) In addition to defining the condi-

tions for liquefaction by FSL < 1.0, 
the traditional scholar also define 
“flow liquefaction” as liquefaction 
that occurs when the shear resis-
tance strength of the saturated loose 
sand layer decreases to less than the 
static shear stress as the excess pore 
water pressure increases (Kramer, 
1996). In addition, liquefaction that 
occurs when the sum of the static 
and dynamic shear stresses of the 
saturated loose sand layer is greater 

than the shear resistance strength is 
known as “cyclic mobility” 
(Kramer, 1996). However, neither 
flow liquefaction nor cyclic mobil-
ity have the three constituent ele-
ments required for liquefaction to 
occur, so they result in phenomena 
that differ from liquefaction phe-
nomena. 

6) Traditional scholars use a shaking 
table such as that shown in Figure 8 
to carry out liquefaction simulation 
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testing of the saturated loose sand 
layer. However, in a simulation test, 
no matter how great is the vibration 
force on the saturated loose sand 
layer, it will not induce shear bands 
and the upward ejection of the sand. 

Therefore, the simulation analysis 
results of such shaking table tests 
can only reveal punching shear fail-
ure of the building model and not 
liquefaction of the saturated loose 
sand layer. 

 

 
 

Figure 8. Punching shear failure test of a building model conducted by traditional  
scholars through a simulation test of the saturated loose sand layer  

by means of a shaking table (Tsao, 2019). 
 
 

7) Figure 9 shows the stress conditions 
of the saturated loose sand layer 
when a liquefaction simulation test 
is carried out using a shaking table 
(Seed and Lee, 1966). From Figure 
9, it is evident that if the size of the 
test body in the simulation test is 
large enough, the test results are not 
affected by the boundary conditions 

of the instrument, and the stress on 
the sand layer will only include pe-
riodic shear stress. Furthermore, 
when the volume remains constant 
throughout the test, no excess pore 
water pressure will be induced in the 
test body and therefore no liquefac-
tion will occur. 
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(a) Before vibration 

                       
             Positive shear stress                      Negative shear stress  

(b) During vibration 

Figure 9. Stress conditions of the saturated loose sand layer during a shaking table lique-

faction simulation test (Seed and Lee, 1966).
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Figure 10. In-situ drilling operations performed by traditional scholars in a non-shear 
band area in Tainan where liquefaction will not in fact occur. 
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8) Figure 11 shows that the rear line 
region of caisson piers often suffers 
different types of failure, such as 
from large-scale subsidence, large 
piping holes, and sand ejection dur-
ing tectonic earthquakes. Tradi-
tional scholars believe that these 
three different types of failures are 
all caused by the liquefaction of the 

saturated loose sand layer. However, 
the rear line region of caisson piers 
is formed by the compaction of 
backfilled gravel sand or sandy 
gravel, which must meet the quality 
standards stipulated in the relevant 
contract or specification before 
completion. Thus, the sand in these 
regions is dense and not loose. 

 

 
 

Figure 11. Three different types of seismic failure that occurred in the rear line region of 
the caisson piers at Taichung Port during the 921 Jiji earthquake (Hsu, 2022). 
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9) Hsu (2022) pointed out that the large 
subsidence of the rear line region of 
the caisson piers during tectonic 
earthquakes was caused by the 
movement or rotation of the caisson 
towards the sea, and the cause of the 
large piping hole was backfill flow-
ing along the bottom of the caisson 
towards the sea side. In addition, 
since the conditions of the large 
subsidence and large piping hole in 
the rear line region of the caisson 
piers do not meet the three require-
ments for liquefaction, their cause 
cannot be liquefaction. 

10) When the cause of the large subsi-
dence and the large piping hole in 
the rear line region of the caisson 
piers during the tectonic earth-
quake is misidentified, the design 
and construction of the repair pro-
ject after the tectonic earthquake 
will be misguided and similar 
damage will reoccur during future 
tectonic earthquakes. 

 
Conclusions and Suggestions 

 
Liquefaction is a special failure 

phenomenon that occurs during tec-
tonic earthquakes. This paper critically 
evaluates the conditions for liquefac-
tion to occur as defined by traditional 
scholars and highlights the three con-
stituent elements that liquefaction must 
in fact have by a comparison and dis-
cussion. The following four conclu-
sions are drawn: 

1) Based on the three constituent ele-
ments necessary for liquefaction to 
occur, the process of liquefaction is 
that the saturated dense sand layer 

undergoes lateral compression and, 
after the strain goes deep into the 
plastic range, the plastic strain sof-
tens due to volume expansion, re-
sulting in the loss of stability and 
symmetric conditions. Shear bands 
are therefore induced due to the lo-
calization of deformation, and 
highly concentrated excess pore 
water pressure is induced in the 
shear bands. Thus, the groundwater 
can sequentially entrain silt, sand, 
and gravel, which it ejects upward 
along the outlet channel formed by 
the interconnection of pore spaces 
in the shear band. 

2) Liquefaction is a failure phenome-
non induced by shear banding in the 
saturated dense sand layer under the 
unstable condition of strain soften-
ing. In the process of liquefaction, 
the saturated sand layer in the shear 
band changes from a compact state 
to a loose state. 

3) Liquefaction only occurs locally in 
the shear-banding region and not in 
the non-shear banding region. 

4) The definition of the liquefaction 
occurrence conditions and liquefac-
tion potential proposed by tradi-
tional scholars deviates from the 
theoretical understanding of soil 
plasticity, and so the distribution 
map of the liquefaction potential of 
various regions proposed by tradi-
tional scholars does not accurately 
reflect the real conditions. 

 
Based on the above four conclu-

sions, the authors put forward the fol-
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lowing two suggestions: 

1) The seismic design code should 
replace the liquefaction occurrence 
conditions proposed by traditional 
scholars with the liquefaction oc-
currence conditions proposed in 
this paper. Only in this way can the 
liquefaction potential evaluation re-
sults meet the actual requirements. 

2) For various civil engineering pro-
jects constructed by earthwork 
compaction, quality control must 
be carried out according to contract 
requirements before completion; 
e.g., all compacted gravel sand and 
sandy gravel must be dense. It is 
also suggested that scholars should 
not consider the occurrence of liq-
uefaction in a saturated loose sand 
layer as the cause of damage to 
structures constructed using earth 
compaction when they investigate 
the causes of various civil engineer-
ing failures after future tectonic 
earthquakes. 

References 

Central Institute of Geological Survey, 
Ministry of Economy, Soil Liq-
uefaction Query System: Zoning 
Map, Website: 
https://www.liquid.net.tw/CGSS
L/Public/process/MainPage.aspx, 
2016. 

Japan Road Association, Guidelines 
and Comments to Design of 
Roads and Bridges, Volume V: 
Earthquake Design, 1996 (in 
Japanese). 

Hill, R., The Mechanical Theory of 
Plasticity, Oxford University 
Press, London, 1950.  

Hsu, Tse-Shan, Capturing 
Localizations in Geotechnical 
Failures, Ph. D. Dissertation, 
Civil Engineering in the School 
of Advanced Studies of Illinois 
of Technology, 1987. 

Hsu, Tse-Shan, “Seismic Conditions 
Required to Cause Structural 
Failures in Tectonic Earth-
quakes,” A chapter in “Natural 
Hazards-New Insights,” Edited 
by Mohammad Mokhtari, DOI: 
10.5772/intechopen.108719, 
2022. 

Hsu, Tse-Shan, “Plasticity Model Re-
quired to Protect Geotechnical 
Failures in Tectonic Earth-
quakes,” A chapter in “Earth-
quakes-Recent Advance, New 
Perspectives and Applications,” 
Edited by Walter Salazar, DOI: 
10.5772/intechopen.107223. 
2022a. 

Hsu, Tse-Shan, Chang-Chi Tsao, and 
Chihsen T. Lin, "Localizations 
of Soil Liquefactions Induced by 
Tectonic Earthquakes," The In-
ternational Journal of Organiza-
tional Innovation, Vol.9, No. 3, 
Section C, pp. 110-131, 2017. 

Kramer, S. L., Geotechnical 
Earthquake Engineering, 
Prentice-Hall, New Jersey, 1996. 

Liberty Time Net, “The Phenomena of 
Shear Bandings and Soil Lique-
fac-tions in Nanbao Golf Course 



2023-1297 IJOI 
https://www.ijoi-online.org/ 

 69 

during 0206Meinong Earth-
quake,” Web-
site:http://news.ltn.com.tw/news/
life/breakingnews/1597276, 
2016. 

Rice, J. R., “The Localization of Plastic 
Deformation,” Theoretical and 
Applied Mechanics, Proceedings, 
14th International Congress of 
Theoretical Applied Mechanics, 
ed. Koiter, W. T. , North-
Holland, Inc., pp. 207-220, 1977.  

Rudnicki, J. W., and Rice, J. R., “Con-
ditions for the Localization of De-
formation in Pressure-Sensitive 
Dilatant Materials,” Journal of the 
Mechanics and Physics of Solids, 
Vol. 23. pp. 371-394. 1975.  

Seed, R. B. and Harder, L. F., Jr., "SPT-
based analysis of cyclic pore pres-
sure generation and undrained re-
sidual strength." Proceedings, Seed 
Memorial Symposium, J. M. Dun-
can, ed., BiTech Publishers, Van-
couver, B. C., pp. 351-376, 1990. 

Seed, H. B. and K. L. Lee, 
“Liquefaction of Saturated Sands 
during Cyclic Loading,“ Journal 
of the Soil Mechanics and 
Foundations Division, ASCE, Vol. 
92, No. 6, pp105-134, 1966. 

Tokimatsu K. and Yoshimi, Y., “Empiri-
cal Correlationship of Soil Lique-
faction based on NSPT Value and 
Fine Content,” Soil Foundation, 
Vol. 23, pp. 56-74, 1983. 

Tsao, Chang-Chi, The Major Cause of 
Localization of Soil Liquefac-
tion: Shear Banding, Ph. D. 

Dissertation, Ph. D. Program in 
Civil and Hydraulic Engineering, 
Feng-Chia University, Taiwan, 
2019. 

Walsh, T. J. , Combellick, R. A. and 
Black, G. L., Liquefaction 
Features from a Subduction Zone 
Earthquake: Preserved Examples 
from the 1964 Alaska Earthquake, 
Washington Division of Geology 
and Earth Resources, Report of 
Investigations 32, 1995. 

 


