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ABSTRACT: The vertical ground motion significantly affects the seismic response of engineering structures, especially for nuclear 
power plants and dams. However, most ground motion predictions or site response analyses focus on the horizontal ground motion. 
Knowledge on the characteristics and site responses of vertical ground motion is inadequate. In this study, a benchmark approach of 
site response analysis for vertical motions is developed. The approach can capture the nonlinearity and damping of soil in the vertical 
direction on the basis of the commonly used soil nonlinear curve (i.e., shear modulus reduction and damping curves). Given the 
saturation condition (i.e., above or below the ground water table), the modeled soil can exhibit different nonlinear behavior and 
energy dissipation. The predicted vertical ground responses generally agree with the downhole measurements associated with 
different geological conditions, ground water tables, and intensities of shaking. 

RÉSUMÉ : Le mouvement vertical du sol affecte de façon significative la réponse des structures d'ingénierie au séisme, particulièrement 
pour les centrales nucléaires et les barrages. Cependant, la plupart des prédictions de mouvement au sol ou des analyses de réponse au 
site se concentrent sur le mouvement horizontal du sol. Les connaissances sur les caractéristiques et les réponses du terrain à la mobilité 
verticale du sol sont insuffisantes. Dans cette étude, une approche de référence de l'analyse des réponses de site pour des mouvements 
verticaux est développée. L'approche peut capturer la non-linéarité et l'amortissement du sol dans la direction verticale sur la base de la 
courbe non linéaire du sol couramment utilisée (c'est-à-dire la réduction du module de cisaillement et les courbes d'amortissement). 
Compte tenu de la condition de saturation (c'est-à-dire au-dessus ou en-dessous de la nappe phréatique), le sol modélisé peut présenter 
un comportement non linéaire et une dissipation d'énergie différents. Les réponses verticales prédites au sol concordent généralement 
avec les mesures du fond de forage associées aux différentes conditions géologiques, aux nappes phréatiques et aux intensités de 
secousses. 
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1  INTRODUCTION 

Evaluation of site response to earthquakes plays an important 
role in seismic design of engineering structures. Most site 
response analyses concentrate on the horizontal ground motion, 
in which site response is regarded as the consequence of the 
vertical propagation of shear waves in a horizontally layered 
system. The ground is simultaneously subjected to shaking in 
horizontal and vertical directions during an earthquake; however, 
the vertical ground motion has received less attention compared 
with its horizontal counterpart. As a result, knowledge on the 
characteristics of vertical ground motion, particularly the 
relationship between vertical and horizontal ground motions, is 
limited. Recent studies suggest that the vertical ground motion 
component significantly influences the seismic response of 
ordinary highway bridges (Kunnath et al. 2008; Gu¨lerce and 
Abrahamson 2010). 

Tsai and Lui (2017) analyzed three component records of five 
downhole arrays to evaluate the differences of site effect on wave 
propagation in the vertical and horizontal directions. They 
concluded that the amplification of vertical motion is less 
significant than that of horizontal motion, the amplification 
behavior of vertical motion is less dependent on the intensity of 
motion (i.e., exhibiting less soil nonlinearity), and the 
abovementioned nonlinear amplification behavior of vertical 
motion is highly dependent on the location of ground water table. 
These observations indicate that the amplification behavior in the 
vertical and horizontal directions is different from the horizontal 
one. These variances should be considered in the dynamic site 
response analysis and the building code. 

The importance of earthquake vertical motion to structures 
and the differences of site effect on wave propagation in the 
vertical and horizontal directions have motivated the present 
study to develop a simple yet accurate procedure for predicting 
vertical site response. The developed procedure is verified by the 
vertical motion recorded by two downhole arrays. 

 
2   SITE RESPONSE ANALYSIS PROCEDURE 

The 1D shear wave propagation model is commonly used to 
study lateral site response (e.g., SHAKE) by solving the wave 
equation as follows: = ,    (1) 

where u is horizontal movement; Vs is shear wave velocity and 
is correlated with shear modulus G as follows: = ,    (2) 

where  is density. Soil nonlinearity caused by strong shaking is 
considered by equivalent-linear (EQL) approach or nonlinear 
scheme using soil nonlinear curves (e.g., G/Gmax curve and 
damping curve), as shown in Figure 1(a). 
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Figure 1. Soil nonlinear curve for site response analysis 
For propagating vertical motion, compression wave velocity 

(Vp) is used in the site response analysis program. Accordingly, 
the following equation can be solved: = ,    (3) 

where  is the vertical movement; Vp is correlated with 
constrained modulus M as follows: = .    (4) 

The relationship of Vs and Vp is described as follows: = .    (5) 

EQL site response analyses for vertical motions commonly use 
strain-iterated shear moduli from a horizontal motion analysis to 
adjust the compression-wave velocities assuming either a strain 
independent Poisson’s ratio or bulk modulus. Some fractions 
(generally 30% to 100%) of the strain-iterated shear-wave 
damping are used to model the compression-wave damping, and 
a linear analysis is performed for vertically propagating 
compression waves. 

The abovementioned EQL-linear (EQL-LN) approach 
implicitly assumes coupling nonlinearity between horizontal and 
vertical motions. This assumption is necessary because of the 
lack of properly determined D/Dmax and damping curves 
(Figure 3b) of the constrained modulus for propagating vertical 
motions. However, the field observations as summarized in the 
previous section suggest that the behavior of vertical motion 
differs from that of horizontal motion; specifically, lesser 
nonlinearity or no nonlinearity is found in the vertical direction 
compared with the horizontal direction. Ideally, the strain-
dependent behavior of the constrained modulus should be 
identified separately and is different from that of shear modulus.  

Regarding the damping of vertical component, compression-
wave damping is assumed equal to the low-strain shear-wave 
damping. The horizontal and vertical component analyses are 
considered to be independent. These approximations (i.e., linear 
analysis for the vertical component and uncoupled vertical and 
horizontal components) have been checked by comparing the 
results of fully nonlinear analyses at soil sites Gilroy 2 and 
Treasure Island to record vertical and horizontal motions from 
the 1989 Loma Prieta earthquake. The nonlinear analyses 
indicate that slight coupling exists between the vertical and 
horizontal motions for the ranges in control motions analyzed 
(maximum of approximately 0.5 g). However, a simple 1D 
vertical wave propagation model is inadequate for modeling the 
other observed downhole array response. Very high viscous 
damping in the range of 15%–25% is needed to match the 
recorded downhole vertical response, even for small tremors. 
Elgamal and He (2004) and Beresnev et al. (2002) concluded that 
additional data and research are required to develop a rational 
procedure of site response analysis for vertical motions. Invalid 
analysis results may be due to ignoring the coupling effect 
between vertical ground response and fluid. 

The review of previous studies shows that two approaches are 
commonly adopted to consider soil nonlinearity and damping in 
site response analysis of vertical motions. These approaches are 
as follows. 
1. Coupled assumption, in which soil Poisson’s ratio is fixed 

such that D/Dmax versus strain is the same as G/Gmax. 
Damping for vertical motion is the same as horizontal 
damping at the corresponding strain. 

2. Uncoupled assumption, in which soil behaves nearly linear 
when subjected to strong vertical shaking. Therefore, Mmax 
and small strain damping are used in vertical direction 
regardless of strain level. 

 
3   DEVELOPMENT OF SITE RESPONSE ANALYSIS 

PROCEDURE FOR VERTICAL MOTION 

The 1D shear wave propagation model is typically used to 
study lateral site response (e.g., SHAKE and DEEPSOIL). Site 
response analysis for vertical motion is usually performed by 
simply replacing Vs with Vp in the model (i.e., solving Eq. (3) 
instead of Eq. (5)). The issue regarding the approach is that 
proper small strain properties and nonlinear behavior should be 
used in the analysis for the vertical motion. 

3.1  Small strain properties for vertical direction 

The approach that replaces Vs with Vp in site response 
analysis program may be appropriate under weak motion because 
soil is mostly linear. However, Elgmal and He (2004) and Tsai 
and Lui (2017) emphasized that the small strain damping in the 
vertical direction can be higher than that in the horizontal 
direction. The reason is attributable to the coupling effect of fluid 
and vertical wave propagation (Nogami and Kazama, 1992; Tong 
and Patrick, 2008). For linear elastic analysis of a submerged soil 
layer, the permeability insignificantly affects shear wave 
response without considering pore fluids. However, on 
compressional-wave response, the permeability dominates the 
damping effect and is considered the principal influential factor 
from pore fluids. Nogami and Kazama (1992) and Tong and 
Patrick (2008) concluded that viscous coupling forces increase 
with the decrease in permeability. When the permeability of soil 
increases, an additional viscous damping from coupling effect 
decreases. Therefore, Lui (2016) proposed adopting a high small 
strain damping for propagating vertical motion. Such damping is 
generally 3% more than the horizontal one according to the 
inverse analysis of downhole array measurement. 

3.2  Nonlinear curve for vertical direction 

Nonlinear curve (e.g., shear modulus reduction and damping 
curves) obtained from laboratory test is typically used for EQL 
or nonlinear site response analysis for propagating horizontal 
motion under strong shaking. Ideally, the curve should be 
applicable to the vertical direction. However, the observation 
from the downhole measurement (Tsai and Lui, 2017) and 
empirical ground motion prediction equation (Bozorgnia and 
Campbell (2015); Stewart et al. (2015)) indicate that the 
nonlinear behavior of vertical motion and horizontal motion 
differs. Therefore, the curves need to be modified before 
applying to the vertical direction.  

The degree of saturation can change soil Poisson’s ratio such 
that the correlation between V_p and V_s can vary. As a result, 
the nonlinear behavior between vertical and horizontal directions 
differs. According to Boit (1956), the P-wave velocity of 
saturated soil can be expressed as follows: 

∗ = ∗ = ,  (6) 

where n is porosity, and Kf is the bulk modulus of fluid (i.e., 
water). n can be measured from the soil specimen or estimated 
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  by the Vp difference above and below the ground water table. 
When soil is subjected to strong shaking, Vs (or G) decreases 
because of soil nonlinearity. Consequently, Vp (or M) decreases 
at the same degree according to Eq. (5) if no underground water 
exists. However, with the presence of saturated water, the 
reduction degree of Vp* (or M*) can differ from that of Vs (or 
G). This result is due to interaction of fluid, as indicated in Eq. 
(6). Thus, the reduction curve of constrained modulus for 
propagating vertical motion can be developed on the basis of 
shear modulus reduction curve. The detailed steps are as follows: 
 

1. According to Eq. (2), calculate Gmax based on Vs and  
2. According to Eq. (4), calculate Mmax based on Vp and  
3. Given a strain, obtain G from G/Gmax. 
4. At the same strain, calculate M according to Eq. (5) given 

G and  to obtain M/Mmax. 
5. Repeat Step 3 and Step 4 but with different strain levels to 

obtain the entire constrained modulus reduction M/Mmax 
curve.  

6. According to Eq. (6), calculate M*
max based on Vp* and  

below ground water table. 
7. According to Eq. (6), obtain M* of saturated condition 

using M (unsaturated soil) in Step 4, n, and Kf for the given 
strain. Accordingly, M*/M*

max is obtained. 
8. Repeat Step 7 but with different strain levels to obtain the 

entire constrained modulus reduction M*/M*
max curve.  

 
After determining the reduction curve of constrained modulus, 

the damping curve in the vertical direction can be approximated 
by the hyperbolic model and the Masing rule as follows (Ishihara, 
1996): = ∙ 1ln .       (7) 

A small stain damping should be added to the calculated 
damping owing to the linearity of the hyperbolic model at very 
small strain. As discussed earlier, the small strain damping is 
approximately 3% more than that of horizontal one. 

 
4  ANALYSIS CASES 

Two geotechnical arrays are selected to validate the proposed 
procedure of propagating vertical wave. Lotung site has high 
groundwater table, while the Turkey flat site is a dry testing area. 
The Vs and Vp profiles used for the site response analysis are 
shown in Figure 2. G/Gmax and damping curve are shown in 
Figure 3. Using the proposed approach, the M/Mmax (M*/M*max) 
and damping curves are derived and shown in Figure 3 for 
comparison. 
 

Figure 2. Vs and Vp profiles for site response analysis 
 

Take Lotung array as an example; Vs is 120 m/s², and Vp 
above and below the ground water are 370 and 1250 m/s ² , 
respectively. Therefore, Gmax, Mmax, and M*

max are calculated as 
29.63, 256, and 2922 Mpa, respectively.  is calculated as 0.44 
according to Eq. (5), and n is obtained as 0.825 according to Eq. 
(6). Given G/Gmax =0.426 at 0.1% shear stain, G is obtained as 
8.889 MPa; M is then obtained as 109.18 MPa given  and G. 
Thus, M/Mmax at 0.1% strain is 0.426 and is the same as G/Gmax. 
The entire M/Mmax curve shown in Figure 3 can be obtained by 
repeating the above procedure with different strain levels. Given 
the same strain of 0.1%, M* is calculated as 2775 MPa according 
to Eq. (6). Accordingly, M*/M*

max is 0.9497. Similarly, the entire 
M/Mmax curve shown in Figure 3 can be obtained by repeating 
the above procedure with different strains. After deriving the 
modulus reduction in the vertical direction, damping curve can 
be calculated according to Eq. (7). Damping curve for above and 
below the ground water table is shown in Figure 3 for comparison. 
A high small strain damping is added in the vertical component 
based on the field observation as mentioned earlier. 

 

 
Figure 3. Soil nonlinear curve for site response analysis  

 
Site response analysis is performed in both directions 
individually. In the horizontal direction, frequency domain EQL 
analysis is performed. In the vertical direction, the following 
three methods are performed for comparison. 
1. Method1-Proposed method: frequency domain EQL 

analysis is performed using Vp profile and the derived 
M/Mmax curve and damping curve. 

2. Method 2-Linear approach: frequency domain linear (LN) 
analysis is performed using Vp profile and small strain 
damping. 

3. Method 3-Traditional approach: EQL analyses for vertical 
motions use strain-iterated shear moduli from a horizontal 
motion analysis to adjust the compression-wave velocities 
with the assumption of a strain-independent Poisson’s ratio. 
Strain-iterated shear-wave damping is used to model the 
compression-wave damping, and then a linear analysis is 
performed for vertically propagating compression waves. 
Such method is called EQL-LN. 

The measurement at 17 m at the Lotung site and 23 m at the 
Turkey Flat site is used as input motion to predict the ground 
surface response. The selected event for analysis is listed in Table 
1. 

 
Table 1. Selected event for analysis. 

Site Event name ML 
PGA 
(NS) 

PGA 
(EW)

PGA 
(V) 

Lotung LLST7 6.2 0.27 0.30 0.16 

Turkey Flat Parkfield 6.0 0.29 0.29 0.088
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 5  ANALYSIS RESULTS 

Figure 4 compares the predicted response based on EQL and 
LN and measurement for three directions. At the Turkey Flat site, 
the EQL and LN results in the horizontal direction insignificantly 
differ, indicating that no significant soil nonlinearity is involved. 
EQL and LN results agree well with the measurement, especially 
for NS direction. Similarly, the EQL and LN results agree well 
with the vertical component. However, the EQL results differ 
from LN results in horizontal direction at the Lotung site, 
indicating that significant soil nonlinearity is involved. As a 
result, only EQL results match the measurement, especially for 
EW component. Nevertheless, the EQL and LN results agree 
well with the vertical component even under significant soil 
nonlinearity in the horizontal direction. The results suggest that 
the proposed approach can be successfully applied to the vertical 
component even under significant soil nonlinearity. 

 

 
Figure 4. Site response analysis result 

 
The analysis results of the conventional approach (EQL-LN) 

are compared with those of EQL and LN to evaluate the 
performance; the comparison results are shown in Figure 5. The 
EQL-LN approach is unsuitable for predicting vertical motion, 
especially for the site with ground water table near the surface. 
For the site with high ground water table, the nonlinear behavior 
in the vertical direction is not as significant as that in the 
horizontal direction (Figure 3). Therefore, using strain-iterated 
shear moduli from a horizontal motion analysis to adjust the 
compression-wave velocities results in offset of site period and 
overestimation of amplification. The approach may be suitable 
for the dry site because of the absence of ground water coupling 
during vertical wave propagation. The nonlinear behavior in the 
vertical direction in this case is the same as that in the horizontal 
direction, as indicated in Figure 3. Therefore, ground motion 
prediction by EQL-NL at the Turkey Flat site agrees well with 
the measurement. The LN and EQL approaches also show good 
performance. Nevertheless, determining which method is 
superior to the others for this site is difficult because the ground 
shaking is insufficiently strong to induce very large nonlinearity. 
In other words, the prediction result by LN approach may 
insignificantly match with the measurement under very strong 
shaking. Overall, the proposed method is applicable to both sites 
regardless of the location of ground water table and level of 
shaking. 

 
Figure 5. Vertical site response (bottom) and TF (top) by  

different approaches 

6  CONCLUSIONS 

In current engineering practice, Vp is directly used to replace 
Vs in the model of site response analysis for vertical motions. 
However, owing to the interaction of ground water and soil 
particle, the site response using Vp by the field measurement 
requires high viscous damping to propagate vertical motion. No 
benchmark has been developed that relates vertical wave 

propagation to nonlinear soil behavior. Some approaches use 

strain-iterated shear moduli from a horizontal motion analysis to 
adjust the compression-wave velocities with the assumption of 
either a strain-independent Poisson’s ratio or bulk modulus, 
while others propose that the horizontal component and vertical 
component analyses are independent, and linear analysis is 
performed for the vertical component. Various approaches have 
been proposed because the soil nonlinear behavior in the vertical 
direction is not well understood.  

In this study, the procedure of determining M/Mmax and 
damping curves based on G/Gmax is developed in consideration 
of ground water. The proposed method is applied to two 
downhole arrays; one is dry and one with shallow ground water 
table. The vertical ground response predicted by the proposed 
EQL agrees well with the measurement. By contrast, the 
conventional EQL-LN results in incorrect prediction at the 
Lotung site. Meanwhile, LN performs well in both sites. 
However, whether LN can be applied to dry site is unclear 
because the shaking level of Turkey Flat is insufficiently strong 
to induce nonlinearity. Further investigations are required to 
determine the performance of LN for strong vertical motion at 
dry sites.  

7  ACKNOWLEDGEMENTS 

The authors appreciate the support provided by the Ministry of 
Science and Technology Taiwan under award no. MOST 105-
2628-E-005-002-MY3. 

8  REFERENCES 

Beresnev, I. A., Nightingale, M., A., & Silva, W. J. 2002. Properties of 
vertical ground motions. Bull. Seismol. Soc. Am 92, 3152-3164. 

Biot M. 1956. Theory of propagation of elastic waves in a fluid-saturated 
porous solid. J. Acoust. Soc. Amer 28 (4), 168-191. 

Bozorgnia, Y., & Campbell, K.W. 2015. Vertical ground motion model 
using NGA-West2 database. Earthquake Spectra.  

Elgamal, A. & He, L. 2004. Vertical Earthquake Ground Motion 
Records : An Overview. Journal of Earthquake Engineering 8(5), 
663-697.  

Gu¨lerce, Z. Abrahamson, N. A. 2010. Vector-valued probabilistic 
seismic hazard assessment for the effects of vertical ground motions 
on the seismic response of highway bridges. Earthquake Spectra 26, 
26, 999-1016. 

Ishihara K. 1996. Soil Behaviour in Earthquake Geotechnics. Oxford 
Engineering Science Series 

Kunnath, S. K., Erduran, E., Chai, Y. H., Yashinsky, M. 2008. Effect of 
near-fault vertical ground motions on seismic response of highway 
overcrossings. Journal of Bridge Engineering 13, 282-290. 

Lui H-W. 2016. Analysis of vertical ground motion by downhole 
measurements. Master Thesis, National Chung Hsing University. 

Nogami, T., & Kazama. M. 199. Dynamic response analysis of 
submerged soil by thin layer element method. Soil Dynamic 
Earthquake Engineering 11, 17-26.  

- 1604 -



  Technical Committee 203 / Comité technique 203 

  Stewart, J.P., Boore, D.M., Seyhan, E., & Atkinson, G.M. 2015. NGA-
West2 Equations for Predicting Vertical-Component PGA, PGV, 
and 5%-Damped PSA from Shallow Crustal Earthquakes. 
Earthquake Spectra, Not available. 

Tong, Q., & Patrick J.F. 2008. Numerical analysis of 1-D compression 
wave propagation in saturated poroelastic media. Int J Numer Anal 
Met, 32, 161-187. 

Tsai C-C and Lui H-W. 2017. Amplification behavior of vertical motion 
observed from downhole arrays. 16th World Conference on 
Earthquake Engineering, 16WCEE, Santiago Chile. 

  

- 1605 -



- 1606 -


	Return
	Print

