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Abstract 
This paper investigates the behavior of combined horizontal and vertical accelerations on the seismic response of 
reinforced concrete resting on shallow foundations. Five and nine-storey buildings are considered to represent low- 
and medium- rise buildings. The building was assumed to be founded on shallow foundation with soil class 
corresponding to soft soil deposits, The soil of foundation was modeled by an equivalent massless spring coupled 
with a gap. The accelergrams used in this investigation in the nonlinear range are the horizontal and vertical 
components of the New Hall earthquake. Although most building codes postulate that SSI generally decreases the 
force demand of buildings, and increases the deformation demand, it was found that the inclusion of the vertical 
ground motion with SSI, the horizontal displacement are decreased compared to the case with only the horizontal 
component. 
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1. Introduction 
Most of the seismic codes around the world tend to neglect the effect of vertical ground motion in the design of 
reinforced concrete buildings due to following reasons: it was believed that the intensity of vertical component is 
too weak compared to the horizontal component, the wave length of vertically propagation motions is shorter than 
that of the S-wave, and that structures are very rigid in the vertical direction compared to horizontal direction.  
However, shear failure of concrete columns was one of the major causes of damage, as observed in recent 
destructive earthquakes such as the Loma Prieta (1989) and Northridge earthquakes (1994) in California and the 
Hyogo-ken Nanbu earthquake (1995) in Kobe, Japan. Significant damage to RC structures has been attributed to the 
reduction of shear strength caused by vertical ground motion effects. Many studies reported data showing that the 
effect of vertical ground motion can be important in some cases, Antoniou (1997) and Ghobarah and Elnashai (2003), 
Javed A et al (1997), Shakib H et al (2003), Collier and Elnashai (2001), Mwafy and Elnashai (2006).  
Modern building codes for example NBC 105, IS 1893, UBC 97 and many other codes worldwide assume the vertical 
component of the ground motion to be ½ to 2\3of the horizontal component. However, the soil-structure interaction 
(SSI) effects were neglected. This is due to the difficulties involved in making simple but reliable dynamic models and 
also due to prohibitive cost associated with such analyses, and SSI involves structural and geotechnical engineering, 
traditional design practice has seen engineers in these two fields working independent of each other. Shallow 
isolated footings can be modeled using: the uncoupled approach (uncoupled translation and rotational springs); 
Winkler approach (distribution vertical and horizontal springs); plasticity-type macroelement formulation using 
foundation action bounding/yield surface; and continuum approach such as finite element or boundary element 
methods. The continuum approach is the most rigorous, but is computationally intensive and time consuming. The 
uncoupled approach can model the load-deformation behavior, but cannot predict settlement.   
The macro-element approach is able to satisfactorily predict the complete foundation response because it accounts 
for nonlinear behavior and coupling between the responses in all directions. The Winkler model represents a trade-
off between the uncoupled and macro-element model. It can simulate progressive mobilization of plastic capacity 
and the resulting settlement. Housne GW (1993) used the Winkler approach to evaluate the structural response 
accounting for foundation uplift; and Psycharis and Jennings (1984) and song and lee (1993) used it to examine the 
effects of rocking and uplift. More recently, Filiatrault et al (1992). Chaallal and Ghlamallah (1996), Anderson (2003) 
and Chen and Lai (2003) used the Winkler approach to examine the effect of both uplift and yield on structures.   
These studies demonstrated the ability of the Winkler approach to provide reasonable prediction of the rocking 
response of various structures. This paper examines the effect of vertical ground motion on the nonlinear seismic 
behavior of reinforced concrete building with soil flexibly. A simple two-dimensional (2D) model was used to idealize 
the structures and the supporting soil. The nonlinear structural analysis program SAP2000 was chosen for this work.  
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2. Description of Building Models  
 The structures used in this study, are five and nine story buildings, the dimension in plan are 3m x 6m and the height 
is 3 m. The structures were designed according to the Algerian cod RPA (2003) and are located in high seismicity 
region with a peak ground acceleration of 0.32g. The dimensions of the beam and columns for the three structures 
are shown in Figure 1 and the reinforcement details are shown in Figure 2.  
 

 

 
 

 

Figure 1. Structural models.                                    Figure 2. Reinforcement details.  

 
3. Foundation System   
The rigid footing and the soil beneath the footing in the zone of influence, considered as a ”Gap element”, were 
modeled by  a NL Link element in order to model the pounding occurring between the soil and the footing. The 
nonlinear force–deformation relation for the Gap element is given by  
  

      (1)  

  
Where k is the spring constant (or contact stiffness), d denotes deflection of the Gap element, and d is the initial gap 

separation ( ). Note that d < 0 for opening mode and do 0 for closing mode of the gap.  
The vertical and horizontal elastic stiff nesses of the foundations are calculated using the frequency-independent 
formulas given by FEMA 356(1996) document. Allotey and El Naggar (2003) recommend using an effective shear 
modulus of 0.8 of the elastic shear modulus of the soil in calculating the vertical stiffness of the foundation. 
Therefore, the elastic shear modulus, G0, of the soil was calculated from its shear wave velocity and mass density, 
then an effective shear modulus, G=0.8 G0, was used in calculating the vertical and horizontal stiff nesses of the 
footing.   
 
4. Definition of Performance Levels   
The design objective in current building codes address life safety, control damage in minor and moderate 
earthquakes, and prevent collapse in a major earthquake. FEMA 356 gives deformation capacities for the inelastic 
components corresponding to the three target performance levels for structural components as shown in Figure 3, 
namely: immediate occupancy (IO), life safety (LS) and collapse prevention (CP)  
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Figure 3. Typical performance curve for the structure. 

 
The calculation of the flexural deflection of an RC member can be carried out by two different main methods. The 
first uses the finite element approach but needs a huge amount of computational effort, even for the fiber-model-
based analysis. When the number of fibers in the cross section and the number of segments, along the member 
length, are not low, and a hysteretic analysis for a cyclic loading with a variable axial load is needed, the amount of 
required memory and computation are not comparable with other methods based on the assumption of a plastic 
hinge (Figure 4). It is evident that in the finite element method, the method of displacement approximation plays a 
significant role in the accuracy of the results.  
In practical use, most often, the default properties provided in FEMA-356 (1996) and ATC-40 (1996) documents are 
preferred, due to convenience and simplicity. These default Properties can be implemented in well-known linear 
and nonlinear static and dynamic analysis programs such as DRAIN-2DX (1993), DRAIN-3DX (1994), PERFORM-2D, 
and SAP200. Some programs (i.e. SAP2000) have already implemented these default nonlinear properties. The use 
of this implementation is very common among the structural engineering profession and researchers. Mehmet Inel 
and Hayri Baytan Ozmen (2006) investigated the effect of plastic hinge properties in nonlinear analysis of reinforced 
concrete buildings, these analyses indicated that it is possible use this option (default-hinge) but cautiously, because 
the misuse of defaulthinge properties may result in relatively high displacement capacities.  
 

 
Figure 4. Typical plastic hinge method (Pristley and Park) 

 
The column plastic hinge can be modeled in SAP2000 as a lumped plasticity model, using the Interaction PM2M3 
Hinge. The applicability and limitations of the Interaction PM2M3 Hinge are similar to those of uncoupled hinge, 
except for its consideration of coupled behavior of the column in both orthogonal bending directions. The 
configuration of the column cross section must be taken into account in a separate moment-curvature analysis and 

interaction diagram, carried out to determine the nominal capacity Mne, plastic capacity Mp, and ultimate 

capacity Mu of the column, as well as the rotations (θ) or curvatures (φ) related to those values, in discrete bending 
directions of the column. Whereas hinge based on bending moments were assigned to beam. Figure 6 shows the 
load-deformation curve of the hinges. The hinge properties and modeling parameters A, B, C, D, and E were specified 
according to FEAM 356 (2003).  
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Figure 5. Force–deformation relationship of a typical plastic hinge. 

  
The following points should be noted:  
Point A is always the origin.  

• Point B represents yielding. No deformation occurs in the hinge up to point B, regardless of the deformation 
value specified for point B. The displacement (rotation) at point B will be subtracted from the de formations at 
points C, D, and E. Only the plastic deformation be yond point B will be exhibited by the hinge.  

• Point C represents the ultimate capacity for analysis.   

• Point D represents a residual strength analysis.  

• Point E represents total failure.   
 

5. Earthquake Ground Motion  
 The accelerograms used in this investigation are the horizontal and vertical components of the New Hall earthquake 
record, figure 3. These records are believed to be representative of strong earthquake. Studies by Clough and 
Benuska (1966) indicate that structural response depends primarily on the peak acceleration impulse in the ground 
motion and that continuing motions of smaller amplitude have only a small effect on the maximum response. 
Therefore the duration of the earthquake used in this analysis was primarily limited to the first fifteen seconds of 
the   earthquake. The peak ground acceleration of the horizontal component is 0.578 g and that of the vertical one 
is 0.537g.  
 

  
Figure 6. Earthquake records New hall accelerogram 

(north-south component) 
Figure 7. Earthquake records New Hall accelerogram 

(vertical component) 
 
Acceleration response spectra of linearly elastic system with 0.05 damping subjected to the records are shown in 

figure 8. Comparison of the spectra shows clearly that the peak vertical acceleration falls in the small period range.  
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Figure 8. Acceleration response spectra of the records used. 
 

  6. Nonlinear Dynamic - Analysis Time History Analysis (THA)  
 In transient dynamic analysis, the following system of dynamic equilibrium equations is solved at each time t, Eq. 
1.  
 
[𝑀]{�̈�(𝑡)} + [𝐶]{�̇�(𝑡)} + (𝑓int ({𝑢}, {�̇�}, {𝜀}, {𝜎}, 𝑡, …… )) = {𝑓ext (𝑡)} 
 
where [𝑀] and [𝐶] are the mass and damping matrices respectively, and {𝑓ext (𝑡)} is the vector of external forcing 
functions. The vectors �̈�(𝑡), �̇�(𝑡) and 𝑢(𝑡) are the resulting accelerations velocities and displacements, respectively. 
The vector 𝑓int ({𝑢}is the internal set of forces opposing the displacements and is usually dependant on the 
displacements, velocities, and field of strains {𝜀}and stresses{𝜎}.  
In this study, a Rayleigh type damping is adopted. It is based on a linear combination of the mass matrix [𝑀] and the 
linear elastic stiffness matrix or the tangent stiffness [𝑘] as follows, Eq. 2:  
 
𝛼[𝑀] + 𝛽[𝐾] 
 
where the coefficients 𝛼 et 𝛽 are determined to provide for two selected damping rations for two specific modes of 
vibration, ie the first two modes. The direct integration of the above equations is required. One of the most widely 
used methods is the HilbertHughes-Taylor method [15]. This method has superior numerical dissipation 
characteristics over the widely used Newmark method. For large number of degrees of freedom, the numerical 
damping feature is essential to suppress undesirable higher modes.  
  
7. Results and Discussions: 
7.1 Shear Forces  
Figures 9 and 10 shows the envelope of storey shear demand of five and nine storey structures respectively. They 
indicate that the SSI with the horizontal excitation only results in a decrease of 16% in the base shear compared to 
the fixed based, but the analyses with SSI plus a combination of horizontal and vertical motions, the shear demand 
is decreased by 15% compared to the case of horizontal ground motion without and with SSI. 
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Figure 9. Five storey base shear. Figure 10. Nine storey base shear. 

 
7.2 Moment Demand  
Figures 11 and 12 show the envelope of storey moment demand in interior and exterior columlns of the five 
storey building increased by 3% in analyses SSI plus the horizontal ground motion compared to the fixed case. 
However, for analyses involving SSI and both ground motions, the moment demand is decreased by 15% 
compared to analyses considering SSI and horizontal ground motion.   
 

  
Figure 11. Five storey structure moment‟s exterior 

column 
Figure 12. Five storey structure moments interior 

column. 
 
Figs. 13 and Figure 14 compare the moment demand in the interior and exterior columns of the nine storey structure. 
The moment demand for analyses with SSI and horizontal ground motion component is increased by 28% compared 
to the fixed case. But for analyses with SSI and a combination of the horizontal and vertical ground motions, the 
moment demand is increased by 2% in compression compared to the case of the flexible footing under horizontal 
ground motion. 
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Figure 13. Nine storey structure moments exterior 

column 
Figure 14. Nine storey structure moments interior 

column                                                
 
7.3 Displacement  
Generally, the displacements for analyses with SSI are increased compared to analyses fixed for the nine storey 
structure irrespective of the number of ground motions (refer Figures 15 to 16). For the five storey building, the 
displacements are increased compared to the fixed case when SSI and a combination of horizontal and vertical 
ground motions are considered.   
 

  

Figure 15. Horizontal Displacement of Nine Storey 
Structure 

Figure 16. Horizontal Displacement of Five Storey 
Structure 

 
8. Formation of Plastic Hinges and Accumulated Plastic Deformation:  
The locations of plastic hinges formed in the 5 storey structures under New Hall earthquake are shown in Figure 17. 
First, it should be noted that all hinges were in the elastic domain before 4 s. Afterwards, there were some plastic 
deformations in the beams and the columns. SSI and a combination of horizontal and vertical ground motions can 
alter considerably the plastic hinges patterns compared to the fixed case. For instance, for both structures, the 
hinges at the base of the columns yielded at event E under SSI and both excitations.  
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H+V+SSI_Time 4.7 Sec H+SSI_Time 4.7 Sec H+Fixed_Time 5.0 Sec 

 
 Figure17. Location of plastic hinges caused by New Hall earthquake 

  
9. Conclusions   
The results show that the SSI effects increases the base shear and moment demand on buildings founded on soft 
soil. This is contrary to the common assumption that SSI effect on seismic forces is always favorable, postulated by 
almost all the design codes. It is clearly demonstrated that the base shear and moment demand on short-period 
buildings could increase by up to 25% of the fixed base buildings values.  
The deformations of the structural components of the buildings have also been affected by the SSI. The 
deformations of buildings with flexible bases have shown a considerable increase that ranged from 23% compared 
to the fixed base case for buildings founded on soil flexible. This would in turn increase the lateral deflection of the 
whole building. Thus, SSI can have a detrimental effect on the performance of buildings.  
The effect of vertical acceleration is more pronounced in low and medium building, The SSI increased the 
displacements compared to the fixed case, this increase is absorbed by the energy dissipated in the structure which 
results in decreased in the forces, under combined vertical and horizontal ground plus SSI, the displacement is 
decreased compared to the case of only horizontal component plus SSI resulting in an increased force.   
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