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Abstract 
 

Although no harmful damage to highway bridge shallow foundations such as 
settlement or inclination has been observed even in strong earthquakes in Japan, our 
understanding of the actual behavior of shallow foundations during strong earthquakes is 
not sufficient to account for what design criteria and kinematic parameters are important to 
control the seismic performance of shallow foundations. Therefore, in this paper, a 
parametric calculation is conducted to estimate the permanent displacement of shallow 
foundations after earthquakes using a new macro element that has been developed by 
CAESAR, PWRI. We have figured out that the permanent displacement is likely to be a 
function of the static safety factor and the slenderness of pier-footing system. 

 
Introduction 
 

A two-level seismic design method is employed in the Japanese Specifications for 
Highway Bridges (Japan Road Association 2002). Level 1 earthquake corresponds to 
high-probability ground motions of small to medium magnitudes, which has been 
traditionally considered in the Japanese Specifications for Highway Bridges. Its peak 
Acceleration Response Spectrum (ARS) amplitudes are approximately 0.2 G to 0.3 G. 
Level 2 earthquake corresponds to rare ground motions of large magnitudes such as the 
1995 Hyogo-ken Nanbu earthquake (Kobe earthquake) and the 1923 Kanto earthquake. 
Nevertheless, the stability check of shallow foundations is conducted only for the normal 
and Level 1 earthquake design situations, while deep foundations are checked by the 
Ductility Design method even for the Level 2 earthquake design situation in addition to the 
stability check for the normal and Level 1 earthquake design situations. This is because 
recent case histories have shown that shallow foundations that satisfy the conventional 
design prescriptions should have a sufficient safety margin even against strong 
earthquakes such as the 1995 Hyogo-ken Nanbu (Kobe) earthquake. 

 
However, our understanding of the actual behavior of shallow foundations during 

strong earthquakes is not sufficient. Experimental evidence has shown that, even though 
the factor of safety in terms of bearing capacity reaches unity several times during seismic 
excitations, failure does not necessarily occur (Shirato et al. 2008a). Rather, experimental 
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results indicate that the accumulation of permanent displacements during earthquakes 
should be a primary concern for seismic design, because it will be associated to the 
recovery of the bridge service after the earthquake. 

 
Accordingly, we will attempt to figure out how much individual current design 

criteria contribute to controlling the seismic performance of shallow foundations, i.e. 
controlling the accumulation of permanent footing displacements during strong 
earthquakes. We conduct parametric dynamic computations on the behavior of 
superstructure-pier-shallow foundation systems subjected to strong earthquakes. We 
scrutinize the change in the permanent displacement of footing after earthquakes with 
decreasing the footing size while other structural components are not changed. 

 
Key design parameters 
 

The major norms stipulated in the Japanese Specifications for Highway Bridges 
(Japan Road Association 2002) for the normal and Level 1 earthquake design situations are 
summarized below. 
 
Check 1. Verify that the underlying soil property is sturdy 
 
Check 2. Verify, for the normal design situation, that the vertical soil resistance stress, q, 

acting on the footing base is limited, so to avoid the excessive permanent settlement and 
the occurrence of uneven settlement (or tilting) of footing under persistent vertical loads. 
This means that: 

 
        q ≤ qa 
 

where the allowable maximum values, qa, are given for classified soil categories and 
based on the database of the yield soil resistance stresses obtained in previous plate 
loading tests. Settlement limitations for the serviceability limit state in some design 
codes can be an alternative to this check. 

 
Check 3. Verify the safety margin against the ultimate vertical bearing capacity for both 

normal and Level 1 earthquake design situations. 
 
Check 4. Verify the safety margin against the ultimate sliding resistance for both design 

situations. 
 

Check 5. Verify the eccentricity limit of the resultant vertical force, e = M / V, i.e.,  
 

e < B / 6 for the normal design situation, meaning no partial uplift occurs,  
       e < B / 2 for the Level 1 earthquake design situation, meaning that no more 

than one half of the footing width should be separated from the 



underlying soil 
 

where e is the eccentricity of the resultant vertical force, V, calculated from the base 
center of the footing, M is the overturning moment, and B is the footing width in the 
rotation plane. 

 
Then, we will generalize these criteria into the following parameters: 
 

Parameter 1   Regarding the normal design situation, we consider a static safety margin, 
Vdead / Vm, as a representative of any settlement criteria, where Vdead is the vertical dead 
load and Vm is the bearing capacity for the concentric vertical loading. 

 
Parameter 2   V / VU for the Level 1 earthquake design situation, where V is the resultant 

vertical load and VU is the ultimate vertical bearing capacity that considers the effect of 
the eccentricity and inclination. 

 
Parameter 3   H / HU for the Level 1 earthquake design situation, where H is the resultant 

horizontal load, HU = μV is the ultimate horizontal resistance for the cohesionless 
underlying soil, and μ is the friction coefficient. 

 
Parameter 4   A slenderness ratio of hG / B, which is an alternative but more representative 

parameter to account for load eccentricity, e, where hG is the height of the gravity center 
of the superstructure-pier-footing system and B is the footing width. For example, the 
values e and e / (B / 2) equals kh × hG and 2kh × (hG / B), respectively, where kh is the 
horizontal seismic coefficient. 

 
Elasto-plastic-uplift macro element 
 

To estimate the state of a shallow foundation after a strong earthquake, not only the 
ultimate bearing capacity but also plastic flow of the underlying soil have to be considered. 
Also, the overturning moment arising from the inertial force of the superstructure can 
induce a partial separation (uplift) of the footing from the underlying soil. Accordingly, to 
overcome these modeling difficulties in practice, CAESAR (Center for Advanced 
Engineering Structural Assessment and Research), PWRI (Public Works Research 
Institute), Tsukuba, Japan, has developed a macro element that models the 
elasto-plastic-uplift behavior of a shallow foundation. The macro element can also account 
for the coupling behavior of the settlement, translation, and rotation of the shallow 
foundation. 

 
As shown in Figure 1, the macro element models the footing-underlying soil 

interaction as a unique element in structural modeling. The macro element describes the 
coupled relationship between an incremental load set F&  = (V& , H& , M& )T transmitted from 
the supported structure to the base center of the footing and the corresponding incremental 



displacement set x&  = ( s& ,u& , θ& )T at the base center of the footing.  
 

}]{[}{ FDx && =           (1) 
 

where [D] is the 3 × 3 compliance matrix, i.e. the inverse matrix of the element stiffness 
matrix, and the superscript T stands for transposition. The loads and displacements shown 
in Figure 1 are in the positive directions. One of the advantages of the use of macro element 
is that the dimension of the stiffness matrix is very small, 3 × 3, so that macro elements will 
not become a large burden in the overall structural model. 

 
The details of the present macro element can be seen in Shirato et al. (2008b) and 

its FORTRAN subroutine source code is included in a PWRI report (Nakatani et al. 2008). 
Although more sophisticated constitutive models of macro element also have been 
examined by, for example, di Prisco et al. (2003), and Cremer et al. (2002), we can take 
advantage of the fact that the present macro element can approximate the permanent 
displacements in a large-scale shake table and cyclic loading experiments with the same 
order of the experimental results (Shirato et al. 2008b, Nakatani et al. 2008). 
 

The macro element theory was originally established by Nova and Montrasio 
(1991) to describe the evolution of the plastic flow of irreversible displacement for 
monotonic loading within the context of work-hardening plasticity. However, this is not 
sufficient to express the dynamic soil-structure interaction, because the partial uplift of the 
footing also will make the nonlinear but reversible behavior. Accordingly, the nonlinear 
reversible displacement component is superimposed on the plastic component in a typical 
way of the elasto-plastic theory. Therefore, the total displacement increment, }{x& , is 
decomposed into the reversible displacement part, }{ elupx& , and the irreversible part, }{ plx& . 
 

}{}{}{ plup-el xxx &&& += ,  }]{[}{ up-elup-el FDx && = ,  }]{[}{ plpl FDx && =   (2) 
 
where ][ up-elD  is the elastic compliance considering the influence of the partial uplift and 

][ plD  is the plastic compliance. 
 
This study employs the Nova-Montrasio model for the irreversible displacement 

part and a non-associated flow rule and an isotropic hardening are considered. The yield 
locus, f, and the plastic potential locus, g, are defined in the V-H-M / B space as follows: 
 

f = h2 + m2 − ξ2(1 − ξ / ρc)2ζ = 0,   g = λ2h2 + χ2m2 − ξ2(1 − ξ / ρg)2ζ = 0 (3) 
 
where h = H /(μVm), m = M / (ψBVm), ξ = V / Vm, Vm is the bearing capacity in terms of 
centered vertical loading. ρc is the parameter that specifies the instantaneous size of the 
yield locus. μ, ψ, ζ, λ and χ are the parameters that specify the shapes of the yield and 



plastic potential locus in the V-H-M / B space. The hardening function is given as follows: 
 

( )mcmc VxRV /exp1/ 0−−=ρ        (4) 
 
where R0 is the initial gradient of the V-vpl curve for the concentric vertical loading. xc is the 
geometric mean of plastic components of s, u, and θ, and it is defined by the following 
equation: 
 

{ } 5.02pl2pl2pl )()()( θγ+α+= Busx MMc      (5) 
 
where αM and γM are the non-dimensional parameters. When ρc evolves and finally reaches 
1, the yield surface coincides with the bearing capacity surface, fcr. 
 

fcr = h2 + m2 − ξ2(1 − ξ)2ζ = 0       (6) 
 

The elastic compliance, [Del-up], is comprised of the diagonal part of the inverses of 
typical elastic vertical, translational and rocking springs, KV, KH, and Kθ, respectively, and 
the non-diagonal part that accounts for the uplift-induced nonlinear moment-rotation and 
moment-vertical displacement (uplift) relationships, up

13D  and up
33D : 
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The typical moment-rotation and moment-vertical displacement relationships are shown in 
Figure 2. In Figure 2, because of the dead loads, the initial elastic settlement exists and the 
uplift-induced rotation and vertical displacement will not be induced until the moment 
reaches a threshold value, ±Mα. The backbone curves of M-θ and M-s relationships are 
proportional to those calculated with a Beam-on-Winkler Foundation model, considering 
a prescribed dead load and the partial uplift of the footing from the underlying soil. Note 
that the Winkler spring constant for compression is given to make the initial resultant 
rotation rigidity of footing identical to the spring constant KR in Eq. (7). Then the moment 
values are reduced to make the ultimate moment, VB / 2, consistent with the moment 
bearing capacity obtained from Eq. (6). See the details in Shirato et al. (2008b) and 
Nakatani et al. (2008). The hysteresis rules are a peak and origin oriented rule with a 
function of both positive and negative maximum moments, based on our experimental 
observation (Shirato et al. 2008a). 
 

Finally, the element incremental stiffness equation is derived as follows: 
 



( ) }{][][}{ 1plupel xDDF && −− +=        (8) 
 
The modeling of a pier-footing-soil system 
 

As shown in Figure 1, the mass and rotation inertia of the superstructure are 
modeled with a lumped mass. The pier is assumed to respond linearly and is modeled with 
Bernoulli-Euler beam elements. The P-Delta effect is considered with a geometric stiffness 
matrix of the beam-column theory, in which we approximate that the axial force in the 
geometric matrix will not change from the initial state during a numerical simulation. An 
element lumped mass matrix is also assigned to each pier beam element. The footing is also 
modeled with a lumped mass, taking the mass and rotation inertia into account. 

 
The soil-footing interaction is modeled with the macro element. Elastic spring 

constants are calculated using a phase velocity of the underlying soil. As for the plastic 
component, the important parameters are the bearing capacity when the shallow 
foundation is subjected to concentric vertical loading, Vm, and the hardening parameter, R0, 
in Eq. (4). The hardening parameter, R0, is assumed as a function of Vm / B: 

 
R0 = 100 × Vm / B        (9) 
 

where the units of R0, Vm and B are kN/m, kN, and m, respectively. Eq. (9) is estimated 
based on two concentric loading experiments of a strip footing model on medium dense 
sand and dense sand. In all calculations below in this paper, footings are assumed to be 
placed on cohesionless soil. However, future research will be devoted to calibrate the 
hardening parameter, R0, for a wider set of soil conditions, such as cohesive soil, 
cohesionless soil, soft rock, hard rock etc. Based on the authors' experience fitting an 
exponential function with load-settlement curves of many plate loading tests, the 
hardening parameter, R0, should also be a function of soil classification. Other parameter 
values are selected following the typical values that have been suggested by Nova and 
Montrasio (1991), in which the values used in this study are the same as used in Shirato et 
al. (2008b). 
 

When the footing is embedded, the mass of the overburden soil is included into the 
mass of the footing so that the overburden soil resistance to the rotation of footing can be 
considered. In addition, the fact that we incorporate the overburden soil weight into the 
estimation of the size of the bearing capacity surface, Vm, increases the sliding resistance 
of footing. However, the vertical and horizontal side resistances of the footing are 
disregarded. These assumptions are based on an experimental result of a pier-shallow 
foundation model in which the footing was embedded and the top of the pier was subjected 
to cyclic horizontal loading (Fukui et al. 2007). 

 
The Newmark-β scheme is used for the integration with regard to time. The 

damping matrix is set to be proportional to the elastic stiffness. 5% of the dashpot 



coefficient is taken into account for the beam elements. For the macro element, a 10% ratio 
damping is considered for the elastic springs, KV, KH, and KR, which is usually considered 
in design practice  (Japan Road Association, 2002). Once a large partial uplift of footing 
occurs, the rocking motion is likely to be prominent and the rocking rigidity and damping 
are likely to drastically change with changing the effective footing area. Accordingly, in 
each calculation case, a trial calculation is rehearsed prior to the final calculation, and the 
equivalent secant rocking spring, K'R, that corresponds to the largest rotation angle is 
obtained. Then, in the final calculation, the damping constant CR in the damping matrix is 
replaced with, C'R: 

 
RRRR CKKC ×′=′         (10) 

 
taking advantage of a theory for simple single degree-of-freedom systems for the sake of 
simplicity. The idea for using this simplification is that we can approximate the damping 
considering the uplift effect without a cumbersome convergence process in terms of K'R 
and the corresponding rocking-related predominant vibration period. 
 
Proto-type substructures with shallow foundations and their variations for the 
parametric calculation 
 

As summarized in Table 1, five simple proto-type substructures are selected from 
existing design results in Japan. Three-span continuous girder bridges with a fixed and 
three expansion bearings and two-span simple support bridges with a pier and abutments 
are chosen. For each bridge, one of the piers is chosen to calculate. As for the three-span 
continuous girder bridges, the piers with a fixed bearing are chosen to calculate. All piers 
examined in this study are single bents with heights of either 15 m or 10 m. All shallow 
foundations are on stiff and cohesionless ground that corresponds to Group I seismic 
ground condition, in which Group I indicates stiff sites with Tg < 0.2 s, where Tg is the 
natural period of the ground. In the calculation below, only the excitation of the 
longitudinal direction is considered and the material parameters are given as used in each 
original design report. 

 
In addition to these proto-type substructures, we will also set the substructures that 

are varied from the proto-type substructures. The length and width of footing are reduced 
step by step while other parts are not changed at all, so that the reduced-size footings do not 
meet the design criteria. In total, 20 substructures are examined. 
 
Input earthquake motions 
 

In this study, only the horizontal component is applied to the macro element and a 
Type I earthquake and a Type II earthquake are chosen as summarized in Table 2. Their 
acceleration time histories and ARS curves are shown in Figure 3, in which the ARS 
curves are compared to the design ARS curves stipulated in the Japanese Specifications for 



Highway Bridges. The Japanese Specifications for Highway Bridges defines Type I and II 
earthquakes as follows. Type I earthquake is a representative of interplate-type 
earthquakes, relatively having a much longer duration with larger numbers of cycles but 
smaller acceleration amplitudes. Type II earthquake is a representative of 
inland-strike-type earthquakes, relatively having a shorter duration but much larger 
acceleration amplitudes. 

 
It is worth noting that the natural frequencies of all examined substructures are in 

the range of 0.35 sec to 0.6 sec, taking the foundation stiffness into account. For this range, 
the ARS curves of both earthquake waves keep their peak levels as shown in Figure 3. 
 
Numerical results 
 

Figure 4 shows a typical response of the proto-type structures. In Figure 4, the 
response of the proto-type structure #1 during the Type I earthquake is shown, in which ag 
is the time histories of the horizontal acceleration of the ground (or base acceleration), atop 
and utop are the horizontal acceleration and displacement at the top, respectively, u, θ, and 
s are the horizontal displacement, rotation, and vertical displacement of the base center of 
the footing, respectively, and settlement is positive and downward. As seen in the observed 
vertical displacement time history of the footing, the vertical settlement also vibrates up 
and down with the permanent settlement accumulating. The permanent settlement is of the 
order of 0.22% of the footing width, B. The acceleration at the top, atop, is not magnified so 
much compared to the base acceleration, ag, because of the nonlinearity in the 
moment-rotation relationship stemming from the partial uplift of the footing. The 
horizontal displacement at the superstructure is approximated by θL, where L is the height 
of the gravity center of the superstructure from the footing base. In fact, the footing rotation 
is the predominant displacement mode in all calculation results in this paper. Hereafter, as 
shown in Figure 4, the absolute displacements at the end of the calculation are picked up 
as the residual displacements. 

 
Figure 5 shows the relationship between the permanent rotation angles of footing, 

θr, and the values of the generalized design parameters: the static safety margin, Vdead / Vm, 
the slenderness parameter, hG / B, the bearing capacity safety margin for the Level I 
earthquake design situation, V / VU, and the sliding safety margin for the Level 1 
earthquake design situation, H / HU. The results are classified depending on the earthquake 
type (Type I or II). In some cases, VU  becomes zero even for the Level 1 earthquake design 
situation because the eccentricity of the vertical load is too large to remain within the 
reduced footing width. Figure 5 shows that the permanent rotation angle is likely to be a 
function of Vdead / Vm and hG / B as indicated with lines in the figure, not V / VU or H / HU 
of the Level I earthquake design situation. Figure 6 shows the relationships between the 
permanent horizontal displacement, ur, and the generalized design parameters, in which ur 
is normalized with the footing width, B. Probably because the values of ur / B are so small, 
it is difficult to see a clear relationship between ur / B and the generalized design parameter 



values. Figure 7 shows the relationships between the permanent settlement, sr, and the 
generalized design parameters. Again, sr is normalized with the footing width, B. The 
permanent settlement is likely to be an increasing function of Vdead / Vm and hG / B as 
indicated with lines in Figure 7. As for the Type II earthquake, the settlements of some 
substructures are larger even when Vdead / Vm and hG / B are smaller. However except for 
such results, it seems that there is an increasing tendency in sr / B with increasing Vdead / Vm 
and hG / B. Although Vdead / Vm is sort of a settlement criterion for the normal design 
situation, the calculation result indicates that it also controls the settlement even during 
strong earthquakes. In addition, it is reasonable that the residual settlement, sr, is associated 
with the slenderness ratio, hG / B. As hG / B increases, the opportunity at which the plastic 
flow occurs due to the rotation may increase so that the rotation-induced settlement can be 
larger.  

 
There are two facts that back up the present result of Vdead / Vm and hG / B being 

crucial. First, Gazetas et al. (2005) have also reported that, in the Adapazari building 
failures during the 1999 Kocaeli earthquake, Turkey, the significant tilting and toppling 
were observed in relatively slender buildings with a slenderness ratio H / B > 1.8, where 
H is the building height and B is the building width in the rotation plane. Accordingly, hG 
/ B in this study is expected to play an important role. Second, a survey of twenty design 
case histories of highway bridge shallow foundations in Japan has revealed that the ratios 
of the vertical bearing capacities to the dead loads, i.e. static safety factor (i.e. the inverse 
of the static safety margin in this study) range from 9 to 24, while the required minimum 
factor of safety for the normal design situation is 3. Actually, the criterion that limits the 
settlement for persistent loads tends to control the size of footings. 

 
In all displacement components, a generalized design parameter of V / VU for the 

Level 1 earthquake design situation does not completely control the seismic performance 
for strong earthquakes. It is supposed that, in reality, only the moment and horizontal load 
simultaneously increases in a proportional manner under a particular vertical load (i.e. 
dead loads), where the vertical load is assumed to be unchanged from the dead loads during 
excitations. However, when obtaining the bearing capacity of the vertical load using a 
typical bearing capacity formula that considers the effect of the inclination and eccentricity, 
the intensity of the vertical load is made increasing up to the ultimate state under particular 
degrees of inclination and eccentricity of the vertical load. In other words, the load path 
considered in the estimation of VU is unrealistic. 
 

Since we have seen the residual rotation and normalized settlement of footing, θr 
and sr / B, respectively, can be a function of Vdead / Vm and hG / B, we derive correlation 
equations as follows for the Type I wave: 

 
θr = 0.00289(hG / B)2 + 0.274(Vdead / Vm) − 0.023  (rad)   (11) 
 
sr / B = 0.000641(hG / B)2 + 0.137(Vdead / Vm) − 0.00218   (12) 



 
Figure 8 compares the permanent rotation and settlement obtained by the dynamic analysis 
using the macro element and calculated by the correlation equations of (11) and (12). The 
point is that the comparison indicates that there is a high possibility that further study will 
formulate some simple correlation equations to predict the permanent displacement as a 
function of static safety margin, slenderness parameter, earthquake types, natural 
frequency etc for wider conditions of earthquake types and structural characteristics. 
 
Concluding remarks 
 

Numbers of parametric calculations are conducted to estimate the permanent 
displacement of shallow foundations using a new macro element that has been developed 
by CAESAR, PWRI. The main results are summarized in the following points. 

 
1) This study has proposed that the current design criteria for the normal design situation 

and Level 1 earthquake design situation also control the seismic performance of 
shallow foundations even for strong earthquakes. Especially, the static safety factor, i.e. 
the settlement control criteria for the normal design situation, and a kinematic 
parameter, hG / B,  i.e. the safety margin against overturning for the Level 1 earthquake 
design situation, are attributed to preventing shallow foundations from toppling even 
for strong earthquakes. 

2) The calculation result indicates that the value of V / VU may not be a relevant design 
parameter. The possible theory is that the load path when estimating VU that considers 
the effects of inclination and eccentricity is unlikely to occur in reality during 
earthquakes. 

3) The calculation results in this paper strongly indicate that design equations to estimate 
the permanent displacements of a shallow foundation after a design strong earthquake 
can be formulated as functions of Vdead / Vm and hG / B. 
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Table 1  Summary of the proto-type substructures 

Key design parameter values # Structural 
type* 

Pier 
height 

Natural 
vibration 
period** 
(sec) 

Bearing 
layer Vdead / Vm V / Vu for 

Level 1 
EQ*** 

H / Hu for 
Level 1 
EQ*** 

hG / B 

1 CG 10 m 0.429 Gravel 0.0428 0.408 0.581 0.905 
2 CG 15 m 0.599 Gravel 0.038 0.332 0.503 1.081 
3 CG 15 m 0.491 Gravel 0.041 0.333 0.503 1.047 
4 SG 10 m 0.345 Gravel 0.074 0.378 0.325 1.501 
5 SG 15 m 0.573 Gravel 0.066 0.366 0.323 1.595 
* CG = three-span continuous girder bridge, SG = multi-span single girder bridge 
** Obtained by the eigen value analysis of the whole structure including the foundation  
*** EQ = earthquake 
 
 
Table 2  Considered earthquake records and their characteristics 
# Ground Earthquake 

type 
Earthquake name and 
magnitude Mj 

Record 
name 

Component PGA 
(Gal) 

SI value 
(cm⋅s) 

1 Group I Type I 2003 Tokachi-oki (Mj = 8.0) HKD098 Horizontal 2 0.36 72.4 
2 Group I Type II 1995 Hyogo-ken Nanbu (Mj 

= 7.3) 
JMA Kobe Horizontal 2 0.83 112.7 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  Schematic diagrams of the numerical model and the sign convention of 
macro-element 
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Figure 2  Typical moment-rotation and moment-settlement behavior due to the partial 
uplift of footing 
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Figure 3  Time histories and ARS curves of the considered earthquake records 
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(a) Horizontal acceleration at the ground surface, ag     (d) Settlement of the footing, s 
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(b) Horizontal acceleration of the superstructure, atop  (e) Horizontal displacement of the footing, u 
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(c) Total horizontal displacements of the superstructure,  (f) Rotation of the footing, θ 

utop & its footing rotation component, θL  

Figure 4  Time histories of base acceleration, ag, horizontal acceleration of the 
superstructure, atop, total and footing-rotation-induced horizontal displacements of the 
superstructure, utop and θL, respectively, and settlement, sliding, and rotation of the footing, 
s, u, and θ, respectively: Proto-type structure #1. 
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Figure 5  Relationship between the permanent rotation angles of footing, θr, and the 
generalized design parameters (Filled circle = Type I earthquake, Open circle = Type II 
earthquake) 
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Figure 6  Relationship between the permanent horizontal displacement of footing, ur, and 
the generalized design parameters (Filled circle = Type I earthquake, Open circle = Type 
II earthquake) 
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Figure 7  Relationship between the permanent settlement of footing, sr, and the generalized 
design parameters (Filled circle = Type I earthquake, Open circle = Type II earthquake).  
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Figure 8 Comparison of the permanent rotation angle and settlement obtained by the 
dynamic calculation using the macro element and the correlation equations (R = 
correlation factor) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


