
 

 

  

Abstract— Dynamic excess pore water pressures due to the 

vertical and horizontal components of earthquakes based on 

the dynamic water heights and dynamic soil masses increases 

with the increase in the thickness of liquefiable soil and shear 

wave velocity of the hard rock; and with the decrease in the 

density, the Poisson’s ratio and bulk modulus of the liquefiable 

soil, the depth of the earthquake fault and the earthquake 

frequency.  The geotechnical profile has five layers of soils or rock, 

e.g. hard rock, weathered rock, hard soil, liquefiable soil and top soil. 

 

Keywords—Pore water pressure, liquefaction, bulk modulus, 

earthquake depth, shear wave velocity, soil density.  

I. INTRODUCTION 

YNAMIC excess pore water pressures are normally used to 

determine the effective stress and to evaluate the 

liquefaction potential. Zhang et al.[1] have used shaking table 

tests are performed to investigate the behavior of excess pore 

water pressure in different soft soil-foundations of soil-

structure interaction (SSI) system; and found that (i) the micro-

drainage condition in soils generates and develops with the 

rising of excess pore pressure, (ii) the micro-drainage 

conditions will restrain the relative increase amplitude of 

excess pore water pressure in the repeated loading process, 

and (iii) the peak of excess pore water pressure during the 

repeated loading process will not be  significantly higher than 

that of the previous cycle. The excess pore water pressure 

increment between two consecutive load steps, in undrained 

cyclic loading ring shear test, consists of a cyclic component 

induced by dynamic stresses and a residual component due to 

potential of volume reduction with progress of shear 

displacement (Trandafir et al [2]).  

Matsui et al. [3] observed that for a given number of cycles, 

higher excess pore water pressures are generated at lower 

frequencies by using the stress-controlled triaxial test 

equipment, and the excess pore water pressure increases with 

the increase in the periods of cyclic shear in the two-way 

controlled cyclic shear tests (Matsuda et al. [4]).  

The seismic force applied to the embankment models is very 

sensitive and the effect on model depends on soil foundation 

characteristics. The embankment suffers from increasing pore 
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water pressure due to strong dynamic force. Provision of dense 

layer under the embankment decreases excess pore water 

pressure. Due to increasing unit weight of sandy soil 

foundation, stability of the embankment has been increased. 

One of the economical methods in controlling liquefaction is 

increasing subsoil density (Namdar et al. [5]).  

Engineering practitioners commonly use penetration-based 

methods (SPT & CPT) for assessment of seismic liquefaction 

triggering hazard. On the horizon, shear wave velocity (Vs) 

may offer engineers a third tool that is lower cost and provides 

more physically meaningful measurements. Development of 

the shear wave velocity liquefaction method has been 

hampered by a paucity of published velocity profiles; 

particularly in deeper soil deposits (>10m) and deposits 

subjected to high cyclic stress ratios (CSR > 0.3) (Kayen et al. 

[6]). 

This paper is to present the expressions of the dynamic 

excess pore water pressures (DEPWPs) due to the vertical and 

horizontal components of earthquakes based on the dynamic 

soil masses and dynamic water heights (Truong [7, 8, 9, 10, 

11, 12, 13 and 14])   for five layers of soils and rocks which 

vary with the properties of the soil and rock layers and 

earthquake frequencies. The dynamic soil masses and dynamic 

water heights are determined based on the shear wave 

velocities of soil and water. 

II. DYNAMIC EXCESS PORE WATER PRESSURES 

Dynamic excess pore water pressure (DEPWP) based on 

dynamic water heights (DWHs), dynamic soil heights (DSHs) 

and dynamic equivalent factors (DEFs) can be defined as: 

 

( ) 22332

22

)/(/)/( ssssrwrwrrsr

zss
e

HFHFHFH

hH
h

+++
=  (1) 

Where h = mobilized soil height, H = thickness of soil or rock; 

subscripts z, r, wr, s1, s2, s3 and F are for vertical direction, 

hard rock, weathered rock, soil No.1, soil No.2, soil No.3 and 

earthquake fault, respectively; F = dynamic equivalent factor 

which is the ratio of dynamic hard rock height to weathered 

rock height or dynamic soil height; subscripts rwr, rs2 and 

s3s2 are for rock to weathered rock, rock to soil No.2, and soil 

No.3 to soil No.2, respectively. The soil No.2 is the liquefiable 

soil which is the soil-air-water (SAW) mixture. 

The dynamic equivalent factor (DEF) of the hard rock to the 

weathered rock due to the vertical component of an earthquake 
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based on the dynamic soil masses (Truong, 2009, 2010, 2011b 

and c) is  
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The dynamic equivalent factor (DEF) of the hard rock to the 

soil due to the vertical component of an earthquake is 

 

 

ss

szs

rzr

sr
zrs

V

s

s

V
F

ω

ω
=  (3) 

The dynamic equivalent factor (DEF) of the hard rock to the 

weathered rock due to the horizontal component of an 

earthquake based on the dynamic soil masses is 
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Where Vs = shear-wave velocity, ωx = Circular frequency of 

the earthquake in horizontal direction, ωz = Circular frequency 

of the earthquake in vertical direction, and 

 

( )

( )µ

µ

−

−
=

12

21
s  (5) 

 

Where µ = Poisson’ ratio of soil. 

III. SENSITIVITY STUDY ON DYNAMIC PORE WATER PRESSURES 

The fault depth and the approximate Richter magnitude  

of the 1989 Loma Prieta earthquake is 18 km and 7.0, 

respectively. The frequencies in vertical and horizontal 

directions are 0.1 Hz. Other properties of the soil profile, 

which have three layers: hard rock, weathered rock, soil No.3, 

liquefiable soil (soil No.2), and top soil (soil No.1), are given 

in Table 1 

 

Table 1. Properties of the soil profile 

Soil 

Profile H. Rock 

w. 

Rock 

Soil 

No.3  

Liq.Soil 

(S2) 

Soil 

No.1 

Poisson's 

Ratio 0.15 0.15 0.45 0.495 0.45 
Density, 

T/m3 2.8 2.7 2 1.992 1.9 

Vs, m/s 2800 800 600 133.8 360 

H, km 16.04 1.8 0.14 0.010 0.010 

The shear wave velocities of hard rock, weathered rock, 

liquefiable soil and top soil are 3500 m/s (Class A), 762 m/s 

(Class B or C), 600 m/s (Class B), 183 m/s (Class D or E) and 

250 m/s (Class D) which are classified by National Earthquake 

Hazards Reduction Program (NEHRP) site classes, 

respectively. The ground water table is at the bottom of Soil 

No.1 or the top of Soil No.2. 

 

The dynamic excess pore water pressures due to the vertical 

and horizontal components of earthquakes decrease slightly 

from 35.05 kPa to 34.25 kPa and from 22.06 kPa to 21.24 kPa 

with the decrease in the degree of saturation from 0.9999 to 

0.85 (Table 2 and Figure 1). Mu is the Poisson’s ratio, second 

line in Table 1. 

 

Table 2 Variations of the dynamic excess pore water pressures, 

Poisson’s ratio and shear wave velocity with the degree of 

saturation. 

s 0.9999 0.999 0.995 0.95 0.9 0.85 

Mu 0.49995 0.4995 0.4975 0.475 0.45 0.425 

Vsaw 

(m/s) 

1016.6 409.4 183.1 60.3 42.8 35.2 

Hz 

 

(kPa) 

35.05 35.05 35 34.96 34.5 34.25 

hx  

(kPa) 

22.06 22.02 21.93 21.59 21.4 21.24 

 

 
Fig. 1 Variations of the dynamic excess pore water pressures 

with the degree of saturation 

 

The liquefiable depth, which can be defined as the ratio of the 

dynamic excess pore water pressure and the unit weight of the 

soil No.1, is the maximum depth with the effective stress 

changing from negative values to zero value. 

 

If the unit weight of the soil No.1 is 19.62 kN/m2, the 

liquefiable depth due to vertical and horizontal components of 

earthquakes slightly decreases from 1.786 to 1.746 and from 

1.124 to 1.083 with the decrease in the degree of saturation 

from 0.9999 to 0.85, respectively. So, for the 1989 Loma 

Prieta earthquake with the earthquake magnitude of 7.0, the 

liquefactions are taking place only for places where the depths 

of the ground water tables are equal to or less than 1.7m and 

1.1m, for the vertical and horizontal components of 

earthquakes, respectively. 
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Table 3 Variations of the liquefiable depth with the degree of 

saturation. 

s 0.9999 0.999 0.995 0.95 0.9 0.85

hzv (m) 1.786 1.786 1.784 1.782 1.758 1.746

hzh (m) 1.124 1.122 1.118 1.100 1.090 1.083  
 

Liquefaction was also observed even in unsaturated zone 

(Sheng, (15)).  The soils frequently encountered in 

geotechnical engineering are unsaturated. The liquefiable soil 

layer under the phreatic surface is not, as usual assumed fully 

saturated, but in a partially saturated states (Tsukamoto and 

Ishihara, (16) and (17)). In-situ test results, including 

compression wave velocity measurements indicate that partial 

saturation conditions may exit below ground water level for a 

few meters due to presence of air bubbles (Ishihara et al. (18); 

and Nakazawa et al. (19)) or gas bubbles in marine sediments 

and oil sands (Mathiroban et al (20)). 

 

The factors of safety due to the vertical and horizontal 

components of earthquakes against liquefaction are the ratios 

of the thickness of soil No.1 and the liquefiable depths due to 

the vertical and horizontal components of earthquakes, 

respectively, as 
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The factors of safety increase with the increase in the unit 

weights of the soil No.1, so there are currently many methods 

to compact the soil No.1 or top soil, e.g. vibro-flotation 

methods, vibro-stone column (SC) and dynamic compaction 

(DC) techniques supplemented with wick drains to densify and 

mitigate liquefaction in saturated sands and non-plastic silty 

soils [Shenthan et al. (21)]. 

 

If the percentage of air bubbles in the solid-air-water mixtures 

is 0.53% and the vertical and horizontal frequencies of 

earthquakes are equal to 1.0 Hz, the dynamic excess pore 

water pressures due to the vertical and horizontal components 

of earthquakes very slightly decrease from 35.00 kPa to 

34.975 kPa and from 21.92 kPa to 21.829 kPa, and the shear 

wave velocity of the solid-air-water (SAW) mixtures decreases 

from 175 m/s to 116.1 m/s with the increase in the porosity 

from 0.2 to 0.8 of the solid-air-water (SAW) mixture, 

respectively (Table 4 and Figure 2). 

 

If the percentage of air bubbles in the solid-air-water mixtures 

is 1% and the vertical and horizontal frequencies of 

earthquakes are equal to 1.0 Hz, the dynamic excess pore 

water pressures due to the vertical and horizontal components 

of earthquakes increase from 17.51 kPa to 519.20 kPa and 

from 11.03 kPa to 298.52 kPa with the increase in the 

thickness of the liquefiable soil (soil No.2) from 5m to 150m, 

respectively (Table 5 and Figure 3). 

 

Table 4 Variations of the shear wave velocity and the dynamic 

excess pore water pressures with the porosity 

n 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Vsaw 175 148.4 133.8 125.04 119.8 116.9 116.1

hz(kPa) 35 34.994 34.99 34.984 34.982 34.98 34.975

hx(kPa) 21.92 21.88 21.86 21.848 21.837 21.831 21.829  
 

 

 
Fig. 2 Variations of the shear wave velocity and the dynamic 

excess pore water pressures with the porosity. 

 

Table 5 Variations of the dynamic excess pore water pressures 

with the thickness of the liquefiable soil (soil No.2). 

H s2 (m) 5 10 15 20 50 100 150

hz(kPa) 17.51 35 52.48 69.95 174.45 347.52 519.2

hx(kPa) 11.03 21.93 32.77 43.54 106.53 205.8 298.52  
 

 

 
Fig. 3 Variations of the dynamic excess pore water pressures 

with the thickness of the liquefiable soil (soil No.2). 

 

If the percentage of air bubbles in the solid-air-water mixtures 

is 1% and the porosity of 0.4 of the solid-air-water (SAW) 

mixtures, the dynamic excess pore water pressures due to the 

vertical and horizontal components of earthquakes decrease 

from 140 kPa to 6.998 kPa and from 87.46 kPa to 4.373 kPa 

with the increase in the frequencies of earthquakes in the 

vertical and horizontal directions from 0.025 Hz to 0.5 Hz, 
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respectively (Table 6 and Figure 4). Note that the relationship 

between the corner frequencies and the moment magnitude are 

based on Hank et al. (22) and Alkinson et al. (23). The 

relationships between the dynamic excess pore water pressures 

and the moment magnitude are shown in Figures (5) and (6). 

 

Table 6 Variations of the dynamic excess pore water pressures 

with the frequencies of earthquakes in vertical and horizontal 

directions. 

fz or fx 0.025 0.05 0.1 0.15 0.2 0.3 0.5

hz(kPa) 140 69.98 34.99 23.33 17.494 11.663 6.998

hx(kPa) 87.46 43.73 21.86 14.58 10.932 7.288 4.373

Mmz 8.68 8.08 7.48 7.13 6.88 6.52 6.08

Mmx 8.3 7.69 7.09 6.7 6.49 6.14 5.69  
 

 

 
Fig. 4 Variations of the dynamic excess pore water pressures 

with the frequencies of earthquakes in vertical and horizontal 

directions. 

 

The relationships between the dynamic pore water pressures 

due to the vertical and horizontal components of earthquakes 

and the vertical and horizontal frequencies of earthquakes have 

the power forms with the squares of the correlation 

coefficients of 1.0, respectively: 
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If the percentage of air bubbles in the solid-air-water mixtures 

is 1%, the frequencies due to the vertical and horizontal 

components of earthquakes of 0.1 Hz,  and the porosity of 0.4 

of the solid-air-water (SAW) mixtures, the dynamic excess 

pore water pressures due to the vertical and horizontal 

components of earthquakes decrease from 46.4 kPa to 27.17 

kPa and from 28.77 kPa to 17.08  kPa with the increase in the 

fault depth of earthquakes from 12 km to 25 km, respectively 

(Table 7 and Figure 7). 

 

 
Fig.5 Variation of the dynamic excess pore water pressure with 

moment mangitude due to vertical component of earthquake 

 

 
Fig.6 Variation of the dynamic excess pore water pressure with 

moment mangitude due to horizontal component of earthquake 

 

The relationships between the dynamic pore water pressures 

due to the vertical and horizontal components of earthquakes 

and the vertical and horizontal moment magnitudes of 

earthquakes have the exponential forms with the squares of the 

correlation coefficients of 1.0 and 0.9997, respectively: 

 
Mmz

ez eh 1517.10064.0=             (10) 

 

 
Mmx

ex eh
1485.1

0064.0=             (11) 

 

 

Table 7 Variations of the dynamic excess pore water pressures 

with the fault depth of earthquakes. 

HF (km) 12 15 18 20 22 25

hz(kPa) 46.44 39.91 34.99 32.33 30.05 27.173

hx(kPa) 28.77 24.85 21.86 20.24 18.848 17.08  
 

The relationships between the dynamic pore water pressures 

due to the vertical and horizontal components of earthquakes 

and the vertical and horizontal frequencies of earthquakes have 

the polynomial forms with the squares of the correlation 

coefficients of 0.9995 and 0.9996, respectively: 
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Fig. 7 Variations of the dynamic excess pore water pressures 

with the fault depth of earthquakes. 

 

If the percentage of air bubbles in the solid-air-water mixtures 

is 1%, the frequencies due to the vertical and horizontal 

components of earthquakes of 0.1 Hz,  and the porosity of 0.4 

of the solid-air-water (SAW) mixtures, the dynamic excess 

pore water pressures due to the vertical and horizontal 

components of earthquakes decrease from 39.55 kPa to 31.89 

kPa and from 24.51 kPa to 19.98  kPa with the increase in the 

thickness of weathered rock from 1.0 km to 2.5 km, 

respectively (Table 8 and Figure 8). 

 

Table 8 Variations of the dynamic excess pore water pressures 

with the thickness of weathered rock. 

Hwr 1 1.2 1.5 1.8 2 2.5

Hr 16.84 16.64 16.34 16.04 15.85 15.34

hz (kPa) 39.55 38.16 36.51 34.99 34.04 31.89

hx(kPa) 24.51 23.79 22.79 21.86 21.29 19.98  
 

The increase in thickness of weathered rock of 1.5 km is equal 

to the decrease in the thickness of the hard rock of 1.5 km in 

order to keep the constant fault depth of 18 km for the Loma 

Prieta earthquake (Table 8). 

 

If the percentage of air bubbles in the solid-air-water mixtures 

is 1%, the frequencies due to the vertical and horizontal 

components of earthquakes of 0.1 Hz,  and the porosity of 0.4 

of the solid-air-water (SAW) mixtures, the dynamic excess 

pore water pressures due to the vertical and horizontal 

components of earthquakes increase from 27.69 kPa to 43.61 

kPa and from 17.40 kPa to 27.08  kPa with the increase in the 

shear wave velocity of hard rock from 2500 m/s to 5000 m/s, 

respectively (Table 9 and Figure 9). 

 

 
Fig. 8 Variations of the dynamic excess pore water pressures 

with the thickness of weathered rock. 

 

Table 9 Variations of the dynamic excess pore water pressures 

with the shear wave velocity of hard rock. 

Vs r (m/s) 2500 3000 3500 4000 5000

hz (kPa) 27.69 31.53 34.99 38.13 43.61

hx(kPa) 17.4 19.75 21.86 23.77 27.08  
 

 

 
Fig. 9 Variations of the dynamic excess pore water pressures 

with the shear wave velocity of hard rock. 

 

The relationships between the dynamic pore water pressures 

due to the vertical and horizontal components of earthquakes 

and the shear wave velocity of hard rock have the polynomial 

forms with the squares of the correlation coefficients of 1.0, 

respectively: 
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IV. DISCUSSIONS AND CONCLUSIONS 

 

The value of the Poisson’s ratio of the liquefiable soil is 

dominated by the degree of saturation of the solid-air-water 

(SAW) mixtures. The Poisson’s ratio of the fully saturated 
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soils is 0.5 and decrease with the increase in the percentage of 

air bubbles if the SAW mixtures. For example, the Poisson’s 

ratio of the SAW mixture with 1% air bubbles is 0.495, which 

is higher than that of dry loose sand of 0.33. 

 

The shear wave velocity of the solid-air-water mixtures 

substantially decreases from 1016.7 m/s to 35.2 m/s with the 

decrease in the degree of saturation from 0.9999 to 0.85, but 

the dynamic excess pore water pressures due to the vertical 

and horizontal components of earthquakes slightly decrease 

from 35.05 kPa to 34.25 kPa, and from 22.06 kPa to 21.24 

kPa, respectively. 

 

Dynamic excess pore water pressures due to the vertical and 

horizontal components of earthquakes increase with the 

increase in the degree of saturation, shear wave velocity of 

hard rock and thickness of the liquefiable soil, and with the 

decrease in the fault depth of earthquakes, thickness of 

weathered rock, frequencies of the earthquakes and the 

porosity of the solid-air-water (SAW) mixtures. 

 The relationships between the dynamic excess pore water 

pressures due to the vertical and horizontal components of 

earthquakes and the frequencies, and fault depths of 

earthquakes have the power and polynomial forms, 

respectively. 

 Dynamic excess pore water pressures due to vertical and 

horizontal components of earthquakes based on the dynamic 

soil masses and dynamic water heights depends on many 

parameters: e.g. number, thickness, properties of soil or rock 

layers, and fault depth and corner frequencies of earthquakes. 

 Liquefaction potential depends on the thickness and 

properties of the soil layers above the ground water table and 

the dynamic excess pore water pressures. 

 

Factors of safety due to vertical and horizontal components of 

earthquakes against the liquefaction increase with the increase 

in the thickness and unit weights of the soils above the ground 

water table and with the decrease in the excess pore water 

pressures. 
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