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ABSTRACT: In attempting to overcome several of the shortcomings inherent to the
commonly used stress-based liquefaction evaluation procedure, several studies have
proposed using Arias intensity to quantify the capacity and demand of the soil and
earthquake motions, respectively.  Originally developed by Arias (1970) to quantify the
destructiveness of earthquake motions on buildings, Arias intensity is proportional to the
integral over time, of the acceleration time history squared, and therefore, is directly a
function of the frequency content and duration of the earthquake motion. Presented herein
are insights gained from a closer examination of the Arias intensity-based liquefaction
evaluation procedures. For example, it is shown that the Arias intensity-based
liquefaction evaluation procedure proposed by Kayen and Mitchell (1997) is actually an
alternate formulation of the stress-based procedure, with however, several advantages and
shortcomings over its counterpart. One advantage of using Arias intensity to quantify
demand, as stated above, is that the frequency content and duration of the earthquake
motion are directly taken into account.  However, as a corollary, the use of Arias intensity
to quantify capacity inherently implies that the capacity of soil is frequency dependent,
which requires further validation. Further elaboration of these and additional issues are
presented.

1 INTRODUCTION

The most widely used method for evaluating liquefaction is the stress-based procedure first proposed
by Whitman (1971) and Seed and Idriss (1971). This procedure is largely based on empirical
observations of laboratory and field data and has been continually refined as a result of newer studies
and the increase in the number of earthquake liquefaction case histories (e.g., NRC 1985, Youd et al.
2001). However, numerous alternate methods have been proposed for evaluating the liquefaction
potential of soil deposits. The purpose of this paper is to review and assess the validity of Arias
intensity-based liquefaction evaluation procedures, with emphasis placed on the procedure proposed
by Kayen and Mitchell (1997). This procedure was selected for in depth review because it seemingly
overcomes a shortcoming of the stress-based liquefaction evaluation procedure, namely the stress-
based procedure's indexing of the cyclic load imposed on the soil to a fraction of the peak ground
acceleration (amax), corrected for motion duration by magnitude scaling factors (MSF).

Throughout this paper the terms demand, capacity, and factor of safety are used. To avoid ambiguity
the following definitions are provided. Factor of safety is the ratio of capacity to demand, where
demand is the "load" (to include both amplitude and duration) imparted to the soil by the earthquake
ground motion, and capacity is the demand required to initiate liquefaction (i.e., a condition of factor
of safety equals 1.0).
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This paper is organised as follows: first, an overview is given of Kayen and Mitchell's Arias intensity-
based liquefaction evaluation procedure. Next, the procedure is used to predict the factors of safety
against liquefaction as a function of depth in several simple soil profiles, with the predicted trends
evaluated. Finally, the expression presented by Kayen and Mitchell to estimate the Arias intensity of
the ground motions at depth in a soil profile is reformulated to allow a comparison with the expression
for cyclic stress ratio (CSR), which is used to quantify demand in stress-based liquefaction evaluation
procedure.

2 OVERVIEW OF ARIAS INTENSITY-BASED LIQUEFACTION EVALUATION
PROCEDURES

2.1 What is Arias intensity?

Originally developed by Arias (1970) to quantify the destructiveness of earthquake motions on
buildings, Arias intensity (Ih) is “the sum of the two component energy per unit weight stored in a
population of undamped linear oscillators evenly distributed in frequency, at the end of earthquake
shaking.”  Arias intensity may be computed using Equation (1) (Arias 1970).
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where ax(t) = horizontal acceleration time history in the x-direction; ay(t) = horizontal acceleration
time history in the y-direction; g = acceleration due to gravity; and tdur = total duration of earthquake
shaking. Because Arias intensity is proportional to the integral, over time, of the acceleration time
history squared, it is a function of, and therefore reflects, the amplitude variation, frequency content,
and duration of the earthquake motion. Accordingly, Arias intensity is an attractive measure to
quantify earthquake demand. Kayen and Mitchell (1997), as well as others, have correlated Ih to
parameters such as earthquake magnitude, site-to-source distance, and site conditions, thus allowing Ih

to be estimated using design earthquake parameters.

2.2 Arias intensity-based liquefaction procedures

Several liquefaction evaluation procedures use Arias intensity to quantify either the capacity of the soil
to resist liquefaction, the demand imposed on the soil by the earthquake ground motion, or both (e.g.,
Egan and Rosidi 1991, Kayen 1993, Running 1996, and Kayen and Mitchell 1997). The procedure
proposed by Kayen and Mitchell (1997) is the most fully developed, and therefore was chosen for in
depth review.

For soil profiles that were subjected to earthquake shaking, Kayen and Mitchell (1997) estimated the
Arias intensities (Ih) of the ground motions experienced at the surface of the profiles. The Arias
intensities of the surface motions and the corresponding motions at depth in the profiles were related
by:

bheqhb rII ⋅=, (2)

where Ihb, eq = Arias intensity of the earthquake motions at a given depth in the profile (i.e., demand); rb

= Arias intensity depth-of-burial reduction parameter; Ih = Arias intensity at soil surface. From
statistically analysing the results from numerous site response analyses, Kayen and Mitchell (1998)
developed the following expression for rb as a function of earthquake magnitude and depth in the
profile.
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where Mw = the moment magnitude of the earthquake; z = depth below the ground surface meters; and
the term (-0.09⋅z) is in radians.
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For profiles that were subjected to earthquake motions, the estimated Ihb,eq values were plotted as
functions of the corresponding penetration resistances of the potentially liquefiable soil in the profile.
By classifying the case histories according to the presence or absence of liquefaction features, the
capacity of the soil (Ihb,l), as a function of penetration resistance, was established as the boundary
giving a reasonable separation of the two data sets. The resulting Arias intensity-based liquefaction
chart is shown in Figure 1.

Figure 1.  Arias intensity-based liquefaction chart.  (Adapted from Kayen and Mitchell 1997).

The factor of safety against liquefaction is computed as follows:
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where Ihb,eq can be determined from Equation (2) and Ihb,l can be determined from Figure 1.

3 COMPARISON OF TRENDS IN PREDICTED FACTORS OF SAFETY AGAINST
LIQUEFACTION

3.1 Influence of confining pressure and penetration resistance

A parametric study was performed using Kayen and Mitchell's (1997) Arias intensity-based
liquefaction evaluation procedure, wherein the factors of safety versus depth (FS-profiles) were
computed for simple soil profiles subjected to a M7.5 earthquake at a site-to-source distance of 60 km.
The characteristics of the soil profiles used in the study were such that the general trends of the
variation of the FS-profiles are known (e.g., the factor of safety against liquefaction increases as
relative density and/or effective confining stress increases). Such a parametric study allows proper
evaluation of the trends predicted by Kayen and Mitchell's procedure. The following soil profiles were
examined:

• Three 100ft thick profiles of clean sand having N1,60 = 15blws/ft for all depths. The depths to
the groundwater table (gwt) for the three profiles are 0ft, 11ft, and 25ft.
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• Three 100ft thick profiles of clean sand, all with the gwt at depths of approximately 11ft. The
profiles are assumed to have constant N1,60  with depth equal to 5, 10, and 15blws/ft.

In the first scenario, varying the elevation of the gwt, while holding N1,60 constant, reasonably
simulates changing the effective confining pressure of a soil having a given relative density, assuming
all other factors are the same. In the second scenario, holding the elevation of the gwt constant, while
varying N1,60, reasonably simulates changing the relative density of the soil, confined at a given
effective stress. Numerous laboratory studies have examined both the influences of relative density
and effective confining stress on the liquefaction susceptibility of soils (e.g., Lee and Seed, 1967).
From such studies, it has been found that the capacity of the soil increases in response to increases in
relative density, with all other factors being the same (i.e., methods of sample preparation, load path,
etc.).

Contrary to the influence of relative density, an increase in the effective confining stress will tend to
decrease a soil's ability to resist liquefaction, with all other factors being the same. However, all other
factors do not remain the same. As the effective confining stress increases, so increases the shear
stiffness of the soil. Accordingly, if a given amplitude shear stress is applied two similar samples (i.e.,
same relative density, same soil fabric, etc.) confined at different effective stresses, the induced shear
strain in the sample confined at a lower effective stress will be larger than that induced in the sample
confined at a higher effective stress. It is the induced shear strain that breaks down the soil structure
(i.e., causes relative movement between sand grains), which is a requisite for liquefaction (Dobry et
al., 1982). As a result, for a given soil, the factor of safety against liquefaction tends to increase as the
effective confining stress increases.

In addition to the trends noted from various laboratory studies, FS-profiles were computed for the
above listed soil profiles using the stress-based liquefaction evaluation procedure for comparison with
the FS-profiles predicted using Kayen and Mitchell's procedure. In using the stress-based procedure,
amax = 0.13g, which is consistent for the assumed magnitude and site-to-source distance. Although
space limitations prohibits full discussion of the results of the parametric study, the most notable
finding was that the FS-profiles predicted by Kayen and Mitchell's showed no variation in response to
the lowering of the gwt (Green 2001), which is contrary to both laboratory observations and
predictions by the stress-based procedure.

3.2 Influence of the frequency content of ground motion

As derived by Green (2001), the following expression may be used to compute the Arias intensity
imposed on a soil sample subjected to cyclic simple shear, wherein the loading is sinusoidal, acting in
one direction, and having a constant frequency and peak amplitude shear stress.
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where σvo = the initial total overburden stress; g = coefficient of acceleration due to gravity; n = the
number of cycles of loading; f = frequency of the applied shear stress; and τmax = the maximum
amplitude of the applied shear stress. When the n equals the number of cycles required to initiate
liquefaction in the sample, Ih computed using Equation (5) equals the capacity of the soil (Ih,l).

This expression is revealing in two ways. First, Ih,l is independent of effective confining stress. This
supports the results of the parametric study, which showed the procedure is insensitive to changes in
the elevation of the gwt. Second, Ih,l  (i.e., capacity) is a function of the frequency of loading, the
validity of which is not entirely certain by the authors.
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4 THEN WHY DOES THE ARIAS INTENSITY-BASED LIQUEFACTION EVALUATION
PROCEDURE APPEAR TO WORK?

The obvious question becomes: Why does the data plotted in Figure 1 show a reasonable separation of
points representing liquefaction and no-liquefaction? The answer to this can be understood by
reformulating the expression for Arias intensity. Equation (1), for a single horizontal component of
motion, is similar in form to the equation for root mean square acceleration (arms) given as Equation
(6).
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where a(t) = acceleration time history; and tdur = duration of earthquake motion. Simple rearrangement
yields:
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Substituting Equation (7) into Equation (1) and multiplying by rb allows the Arias intensity of the
earthquake motions at depth in a soil profile (Ihb,eq) to be expressed as a function of the duration of the
earthquake shaking (tdur) and arms:

brmsdureqhb rat
g
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π
(8)

Seismological studies have shown arms = (1/3 to 1/2)⋅amax (Hanks and McGuire 1981). For illustration
purposes, it is assumed arms = 1/3⋅amax; however, any other constant of proportionality from 1/3 to 1/2
would work equally as well. Substitution of 1/3⋅amax for arms in Equation (8) yields:
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g
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Dobry et al. (1978) proposed the following relationship between the significant duration of ground
motion (td) and magnitude (M).

)83.1432.0(10 −⋅= M
dt (10)

where td is in seconds and is defined as the difference between the times corresponding to 5% and 95%
of the total Arias intensity of an earthquake record. While td is always less than tdur, statistically the
two durations can be related by a constant of proportionality (i.e., tdur = B⋅td, where B is a statistically
derived constant of proportionality). For simplicity, B is set equal to one (i.e., tdur ≈ td), although any
other value for the constant of proportionality would work equally as well.

By empirical observation, the significant duration of ground motion (td), and hence tdur, may be
approximated as:

2
1
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where C = the duration of a M7.5 earthquake (approximately 25 sec, per Equation (10)); and MSFAndrus-

Stokoe = the magnitude scaling factor relation proposed by Andrus and Stokoe (1997) for use in the
stress-based liquefaction evaluation procedure, i.e.,:
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A comparison of Equations (10) and (11) is shown in Figure 2. Substituting Equation (11) into
Equation (9) yields:
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In reviewing the liquefaction case histories used by Kayen and Mitchell (1997) to develop their
liquefaction chart, σvo = 200kPa is a reasonable average of the total vertical stresses at the critical
depths to liquefaction. Accordingly, 1.4πg ≈ 0.00255⋅(0.65⋅σvo)

2, where g has units of (m/sec2).
Furthermore, as shown in Figure 3, rb ≈ rd

2, where rb and rd are the "depth reduction factors" for the
Arias intensity and stress-based liquefaction evaluation procedures, respectively. Particularly, this
approximation is reasonable at depths less than 30ft where the observed occurrence of liquefaction is
most prevalent.

Figure 2. Comparison of expressions for duration of strong ground motion as a function of magnitude.

Figure 3. Comparison of rb and (rd)
2. The rb curves are for M5.5, 6.5, and 7.5 from Kayen and Mitchell (1998)

(i.e., Equation (4) above), and the rd curves are from Seed et al. (2001) and correspond to M5.5, amax = 0.06g;
M6.5, amax = 0.11g; and M7.5, amax = 0.18g for a soil profile having an average shear wave velocity in the upper
40ft of approximately 500ft/sec.
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Using the above approximations, the Arias intensity of the earthquake motions at depth in a soil
profile (Ihb,eq) can be written:

2

max
,

1
65.000255.0 








⋅⋅⋅⋅⋅≈

−StokoeAndrus
dvoeqhb MSF

r
g

a
I σ (14)

It may be observed that the expression inside the parentheses is the "simplified" expression used in the
stress-based liquefaction evaluation procedure to compute the "equivalent" amplitude of the
earthquake-induced cyclic stress, adjusted to a M7.5 event (e.g., Youd et al. 2001). When the factor of
safety against liquefaction equals 1.0 (i.e., Ihb,eq = Ihb,l), Equation (14) becomes:

( )2
, '00255.0 volhb CRRI σ⋅⋅≈ (15)

where CRR = cyclic resistance ratio (i.e., capacity in the stress-based liquefaction evaluation
procedure); and σ'vo = initial effective overburden stress. Again, in reviewing the liquefaction case
histories used by Kayen and Mitchell (1997) in developing their Arias intensity-based liquefaction
chart shown in Figure 1, σ’vo = 100kPa is a reasonable average of the initial effective vertical effective
stresses at the critical depths to liquefaction. Accordingly, CRR and Ihb,l are related as:

lhbICRR ,2.0 ⋅≈  (16)

A comparison of the CRR curve from the stress-based procedure and the approximation given by
Equation (16), where Ihb,l is boundary separating the data sets in Figure 1, is shown in Figure 4.

5 SUMMARY AND CONCLUSIONS

As outlined above, the Arias intensity approach proposed by Kayen and Mitchell (1997) is an alternate
formulation of the stress-based liquefaction evaluation procedure. Although Arias intensity is an
attractive measure to quantify the demand of the earthquake motions and the capacity of the soil to
resist liquefaction, as it is a function of the amplitude variation, frequency content, and duration of the
earthquake motion, further development of the Arias intensity-based liquefaction evaluation
procedures is required. As noted above, two issues have yet to be addressed. First, the procedure
proposed by Kayen and Mitchell (1997) does not fully account for the influence of effective confining
stress on soil capacity. This was noted in the results of the parametric study and in relation to Equation
(5), which may be used to compute the Arias intensity (Ih,l) required to induce liquefaction in a soil
sample subjected to cyclic simple shear, wherein Ih,l is independent of initial effective confining stress
(σ'vo). This is contrary to numerous laboratory studies, which show that for a given amplitude load, the
number of cycles required to induce liquefaction increases as the initial effective confining stress
increases.

The second issue that needs to be addressed is the inherent dependency of Arias intensity on the
frequency of the ground motion. This was also noted in relation to Equation (5), wherein Ih,l is shown
to be a function of the frequency of the applied loading, and the validity of which is not entirely
certain by the authors. Other proposed energy-based liquefaction procedures (e.g., Green 2001) have
circumvented this problem by integrating the shear stress time history, which may be reasonably
assumed to be proportional to the acceleration time history, over shear strain, rather than integrating
over time. By doing such, the inclusion of the frequency dependency of soil capacity is avoided, but
the full characteristics of the ground motion are accounted for in computing demand.

The significance of the above noted issues will probably be small if liquefaction is being evaluated for
conditions similar to those of the case histories used to develop the capacity curve shown in Figure 1
(i.e., liquefiable soil having a total and initial effective overburden stresses of approximately 200kPa
and 100kPa, respectively, and subjected to western US-type ground motions). This is in fact why the
CRR capacity curve and the converted Arias intensity capacity curve, per Equation (16), are in close
agreement, as shown in Figure 4. However, for conditions that differ significantly from those of the
case history database (e.g., soil under a low effective confining stress, such as the upstream toe of a
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dam, being subjected to central or eastern US-type ground motions, which are generally richer in high
frequencies relative to western US ground motions), considerable uncertainty may exist in the
predicted results.

Figure 4. Comparison of capacity curves: CRR curve established by evaluating the cyclic stress ratio (CSR)
imposed on soil subjected to earthquake motions (Youd et al. 2001) and the capacity curve from Kayen and
Mitchell's Arias intensity-based liquefaction procedure, per Equation (16).

ACKNOWLEDGEMENTS:

Financial support for this research was provided in part by the Multi-Disciplinary Center for Earthquake
Engineering Research (MCEER), SUNY Buffalo, NY: Geotechnical Rehabilitation: Site and Foundation
Remediation #MCEER-01-2033. The authors express sincere appreciation to Dr. Robert Kayen for several
insightful discussions and to Ms. Wanda Cameron, Dr. William F. Marcuson, Dr. Carmine Polito, and Mr.
Guney Olgun for helpful review comments.

REFERENCES:

Andrus, R.D. and K.H. Stokoe, II. 1997. Liquefaction Resistance Based on Shear Wave Velocity. Proceedings of
the NCEER Workshop on Evaluation of Liquefaction Resistance of Soils (T.L. Youd and I.M. Idriss, eds),
Technical Report NCEER-97-0022. 89-128.

Arias, A. 1970. A Measure of Earthquake Intensity, in Seismic Design for Nuclear Power Plants (R.J. Hansen,
ed.). The MIT Press, Cambridge, MA. 438-483.

Dobry, R., I.M. Idriss, and E. Ng 1978. Duration Characteristics of Horizontal Components of Strong Motion
Earthquake Records, Bulletin of the Seismological Society of America, 68(5). 1487-1520.

Dobry, R., R.S. Ladd, F.Y. Yokel, R.M. Chung, and D. Powell 1982. Prediction of Pore Water Pressure Buildup
and Liquefaction of Sands During Earthquakes by Cyclic Strain Method, NBS Building Science Series 138,
US Department of Commerce, 152pp.

Egan, J.A. and D. Rosidi 1991. Assessment of Earthquake-Induced Liquefaction Using Ground-Motion Energy
Characteristics, Pacific Conference on Earthquake Engineering, Nov. 20-23, New Zealand. 313-324.

Green, R.A. 2001. Energy-Based Evaluation and Remediation of Liquefiable Soils, Ph.D. Dissertation (J.K.
Mitchell, Advisor), Department of Civil and Environmental Engineering, Virginia Polytechnic Institute and
State University. 394pp.

C
SR

0 10 20 30 40 50
0.00

0.10

0.20

0.30

0.40

0.50

0.60

N 1,60cs

No Liquefaction
Liquefaction

CRR

lhbI ,2.0 ⋅



9

Hanks, T.C. and R.K. McGuire 1981.  The Character of High-Frequency Strong Ground Motions, Bulletin of the
Seismological Society of America, 71(6). 2071-2095.

Kayen, R.E. 1993. Accelerogram Energy Approach for Prediction of Earthquake-Induced Ground Liquefaction,
Ph.D. Dissertation (J.K. Mitchell, Advisor), Department of Civil Engineering, University of California at
Berkeley. 289pp.

Kayen, R.E. and J.K. Mitchell 1997. Assessment of Liquefaction Potential During Earthquakes by Arias
Intensity. Journal of Geotechnical and Geoenvironmental Engineering. 123(12). 1162-1174.

Kayen, R.E. and J.K. Mitchell 1998. Variation of the Intensity of Earthquake Motion Beneath the Ground
Surface, Proceedings of the Sixth U.S. National Conference on Earthquake Engineering – Seismic Design and
Mitigation for the Third Millennium, May 31 – June 4, Seattle, Washington.

Lee, K.L. and H.B. Seed 1967. Cyclic Stress Conditions Causing Liquefaction of Sand, Journal of the Soil
Mechanics and Foundation Division, 93(SM1). 47-70.

National Research Council (NRC) 1985. Liquefaction of Soils During Earthquakes, National Academy Press,
Washington, DC. 240pp.

Running, D.L. 1996. An Energy-Based Model for Soil Liquefaction, Ph.D. Dissertation (B. Muhunthan,
Advisor), Washington State University. 267pp.

Seed, H.B. and I.M. Idriss 1971. Simplified Procedure for Evaluating Soil Liquefaction Potential, Journal of the
Soil Mechanics and Foundation Division, 97(SM9). 1249-1273.

Seed, R.B., K.O. Cetin, R.E.S. Moss, A.M. Kammerer, J.M. Pestana, M.F. Riemer 2001. Recent Advances in
Soil Liquefaction Engineering and Seismic Site Response Evaluation, Fourth International Conference on
Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics [computer file], University of
Missouri-Rolla, Rolla, Missouri, Paper No. SPL-2. 45pp.

Whitman, R.V. 1971. Resistance of Soil to Liquefaction and Settlement, Soils and Foundations, 11(4). 59-68.

Youd, T.L., I.M. Idriss, R.D. Andrus, I. Arango, G. Castro, J.T. Christian, R. Dobry, W.D.L. Finn, L.F. Harder,
M.E. Hynes, K. Ishihara, J.P. Koester, S.S.C. Liao, W.F. Marcuson, G.R. Martin, J.K. Mitchell, Y. Moriwaki,
M.S. Power, P.K. Robertson, R.B. Seed, and K.H. Stokoe. 2001. Liquefaction Resistance of Soils: Summary
Report from the 1996 NCEER and 1998 NCEER/NSF Workshops on Evaluation of Liquefaction Resistance
of Soils, Journal of Geotechnical and Geoenvironmental Engineering, 127(10). 817-833.


