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ABSTRACT: The seismic response of an existing 300m long four-span highway bridge supported in the center pier on pile 

foundation in 30 m of soft soil and on two adjacent piers on rock foundation is investigated. The bridge is located in Eastern 

Canada where high frequency ground motions (10Hz) are predominant. The following support conditions are considered in 

comparative analyses: fixed-base (as a reference) and piles with non-linear Soil Structure Interaction (SSI). The structure is 

analyzed in the longitudinal direction, in which the translational movements between the superstructure supports are constrained 

to those at the top of the piers and free at the abutments. Linear and nonlinear time-history analyses are performed to evaluate 

the displacement demand and related internal forces. Simulated ground motion records are calibrated to match the response 

spectrum of the upcoming Canadian Highway Bridge Design Code (2015). Convolution is used to account for the local effect of 

the soil layer at the central support and displacement histories are used to account for multiple support excitations. A one-

dimensional wave propagation method is used to compute the soil response. The non-linear bridge model includes for the central 

support piles modeled as a Beam on Non-linear Winkler Foundation with p-y soil curves for the springs along their length. 

Results show an influence of site-response (or local soil conditions), as it affects internal forces of each column individually. 

The wave passage effect, with an underlying rock speed of 1500 m/s, has irrelevant influence on the results. Deck displacements 

have little variations between the different cases considered. 

 

KEY WORDS: Bridge; Pile, Multiple support excitation; Winkler foundation; Site-response; Wave passage  

 

 

1 INTRODUTION 

The current version of the Canadian bridge design code 

(CAN/CSA S6-06) provides rules on the type of seismic 

analysis that must be implemented for a given bridge in a 

given region. Nevertheless, the engineer, with the consent of 

his client, can decide to perform more extensive calculations 

than those required by the Code especially for atypical bridges 

or atypical foundation conditions, with the ultimate goal to 

more accurately predict the behaviour of the structure and 

consequently develop a more optimal design. Two aspects not 

required by the present Canadian code but worth considering 

for bridges are the local non homogeneous soil conditions and 

multiple support excitations because large distances can 

separate foundations, and therefore can vary those aspects 

significantly. 

In this study, the influence of multiple support excitations 

and local pier supporting soil conditions are investigated for 

an existing four-span highway bridge. A fixed-based model 

(reference model) and a model that includes soil-structure 

interaction are considered. The bridge’s foundations are 

separated by 85 m and rest on two types of soils, namely on 

rock and on sand. The support on sand contains bored piles 

which are modeled with the Beam on Non-Linear Winkler 

Foundation (BNWF) approach to represent the soil-foundation 

interaction. The bridge is subjected to 11 calibrated ground 

motion time-history records in the longitudinal direction. A 

comparison of moment and shear forces as well as deck 

displacements is made between the supports of both models.  

2 LITERATURE REVIEW 

2.1 Canadian Bridge Codes 

2.1.1 Current Bridge code 

The current Canadian bridge code commonly referred to 

CAN/CSA S6-06 [1] has a specific approach for the seismic 

design which is based on the road’s location and importance, 

as well as on the bridge’s regularity. Indeed, the seismic 

performance zone, the minimum analysis requirements and 

the elastic response spectrum all depend on whether it is a 

regular or an irregular bridge on a lifeline, emergency-route or 

other. The regularity of a bridge depends on its main 

characteristics such as the number of spans and the presence 

of unusual changes in weight, stiffness and geometry from 

spans to spans. 

Seismic performance zones are divided into 4 categories 

and depend on the peak horizontal ground acceleration (PHA) 

of a given region as well as on the road’s importance. For low 

PHA values (< 0.16g), lifeline bridges are classified in a 

seismic performance zone one level higher than the other 

ones, as seen in Table 1. 

The minimum analysis requirements can be established by 

knowing the seismic performance zone and the category of the 

bridge. Table 2 summarizes the minimum complexity of 

analysis required by the CAN/CSA S6-06 code. Seismic time-

history analyses are infrequently used in practice because they 

are necessary in the case of an irregular bridge on a lifeline, in 

seismic performance zones 3 and 4. Furthermore, they require 

approval from the client.  
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Table 1. CAN/CSA S6-06, Seismic performance zones. 

 
 

Table 2. CAN/CSA S6-06, Minimum analysis requirements. 

 
 

The dimensionless elastic seismic response coefficient for 

the mth mode of vibration is not only dependant on the 

bridge’s category and zonal acceleration ratio, A, but also on 

the site coefficient, S: 

 

             (1) 

 

In Eq. (1), Tm is the period of vibration of the mth mode, I is 

the importance factor based on the bridge’s category. The site 

coefficient S varies between 1 and 2 depending on the soil 

profile. Four soil profiles, namely I to IV, are specified in the 

CAN/CSA S6-06 code. They are categorized from rock of any 

characteristic or deep stiff soils (Type I) to soft clays and silts 

(Type IV). For other profiles that do not meet any of the 

categories, it is up to the engineer’s judgment to select an 

appropriate site coefficient.  

Furthermore, the forces obtained from the seismic analyses 

can be divided by response modification factors and become 

the design forces for ductile substructure elements. If those 

design forces are smaller than the forces obtained with an 

importance factor I=1.0 (elastic forces), those elements will be 

responding in the nonlinear range. The response modification 

factors depend on the ductility and redundancy of the 

substructure elements and vary between 2 and 5. 

2.1.2 Upcoming CAN/CSA bridge code (S6-15) 

This section is based on currently available information 

related to the upcoming version of the new Canadian bridge 

code CAN/CSA S6-15. The final official version of that Code 

may slightly differ from what is described hereafter because it 

is in a preliminary stage and details are still under discussion. 

The new Canadian bridge code CAN/CSA S6-15, along 

with the new National Building Code of Canada (NBCC), will 

be released in 2015. The seismic chapter of the new bridge 

code will include significant changes with respect to its 

predecessor as its approach to define the elastic response 

spectrum will be similar to the one used in the National 

Building code.  

The current NBCC (2010) [2] uses two site foundation 

factors, Fa and Fv, which depend on the soil profile to define 

the elastic response spectrum in the presence of different soil 

conditions. This method will be carried on to both new codes 

(building and bridge), with the addition of period spectral 

ordinates at periods of 5 s and 10 s. The NBCC code divides 

the soil profiles into five categories (A for hard rock, to E for 

soft soil) instead of the four categories (I to IV) as in the 

CAN/CSA S6-06 code. They are also more detailed as the 

profile can be characterized based on specific properties such 

as shear wave velocity within the medium, resistance to the 

standard penetration test, and the soil’s shear stiffness and 

resistance. In the NBCC 2010, the elastic response spectrum is 

defined as follows: 

 

 
 

Where Fa and Fv are: 

Table 3. NBCC 2010, Fa values1. 

 

 

Table 4. NBCC 2010, Fv values1. 

 
1Fa and Fv values are not available yet for the 2015 code version. 

 

The upcoming bridge code CAN/CSA S6-15 will follow the 

current NBCC Uniform Hazard Spectrum approach, including 

some adjustments for the new version. The elastic seismic 

response coefficient Csm will therefore be replaced by S(T) 

points that will define the elastic response spectrum. Also, the 

importance factor I will be explicitly considered in the 

calculation of the design forces, along with the response 

modification factors.  

2.2 Compatibility of ground-motion time-histories 

A number of acceptable methods are available to obtain 

compatible time-history ground motion records with the target 

design uniform hazard spectrum (UHS). A method developed 

by Atkinson [3] can successfully generate earthquake ground 

motion time-histories that can be used to match the UHS (or a 

response spectrum) for a given soil condition. In her work, 
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Atkinson [3] uses the stochastic finite-fault method to 

generate data that can be scaled linearly to match the UHS for 

the site considered. Such approach mimics the seismological 

characteristics of expected ground motions in terms of 

intensity, frequency content, and duration. The records are 

freely available at www.seismotoolbox.ca and the procedure 

to choose the appropriate record set(s) and scaling factor(s) is 

described in [3]. The procedure consists of calculating the 

mean and standard deviation of simulated response spectra to 

the target UHS ratio, within the period range of interest. Many 

simulated earthquake Magnitude (M) distance (R) scenarios 

were developed using the stochastic finite-fault method to 

obtain related "simulated" ground motion records [3].   

It is the method of choice because the bridge used in this 

study is situated in Eastern Canada, where artificially 

generated (simulated) ground motions are most often used in 

the absence of historical records of severe intensities. 

2.3 Soil-Structure Interaction (SSI) 

In the assumption that the soil underneath a foundation is not 

perfectly rigid (not fixed-base), a number of different 

alternatives are available to represent soil-structure interaction 

(SSI). One of those alternatives consists of modeling pile 

foundations as a lumped stiffness, mass and damping matrices 

at the base the foundation pile cap. Such process is referred to 

as the substructure method. Independent software from the 

structural analysis one can be used to find all the parameters 

which are then be inputted in the structural model. GROUP is 

a computer program that allows the user to analyze the 

behaviour of pile groups using either a 2-dimensional model 

for piles in a symmetric layout or a 3-dimensional model for a 

group of piles that is not symmetrically arranged [5]. The 

linearization of the internally generated nonlinear soil 

responses is performed and then a global 6x6 foundation 

stiffness matrix is obtained. Manual calculations of the 

stiffness matrix can also be performed with the use of tables 

coupling different parameters such as translational, rotational, 

cross coupling or lateral (shear) stiffness to bending stiffness 

[6]. 

The (SSI) may also be represented by linear soil springs 

attached to beam elements representing piles or caissons. This 

approach is referred to as Beam on Linear Winkler 

Foundation (BLWF). Linear springs are obtained by the 

linearization of non-linear springs. Although such approach 

seems not appealing because non-linear springs can be 

directly introduced in most software, one can choose effective 

linear springs to save computational time and space. When the 

BLWF is used, it must be ensured that the passive resistance 

of the soil is large enough to resist the seismic lateral thrust. 

Another alternative of modeling SSI is the Beam on Non-

linear Winkler Foundation (BNWF). The basic BNWF 

consists of springs representing the soil’s non-linear 

displacement versus force commonly known as p-y curves. 

Many recommendations to define p-y curves for various types 

of soils and rocks have been published and are used by 

software such as LPile [7], which can compute those curves 

for layered soils. A more complex BNWF model includes 

series of gap, drag, plastic and elastic springs and dashpots [8] 

as shown in Figure 1. This study is limited to a basic BNWF, 

given that some factors and their numerical representations 

such as radiation damping are still under research. As an 

example, a study yielded exaggerated radiation solutions 

when elasto-plastic viscous dashpots using small strain shear 

wave velocity were combined in parallel with p-y springs, but 

it was also found that when radiation dampers are arranged in 

series with p-y springs, the p-y springs dominate the pile 

behavior and the dampers can be neglected [9].  
 

 

Figure 1. Pile-soil BNWF interaction model 

 

Although non-linear analyses require great amounts of disk 

space and are computationally challenging, the development 

of increasingly faster computers and inexpensive storage 

devices make such approach gradually more used.  

2.4 Multiple Support Excitation 

The response of a structure can be significantly influenced by 

spatial variability. Three distinct phenomena were found to 

influence significantly the ground motion variations, namely, 

1) the incoherence effect which is due to scattering of waves 

in the ground medium and their differential superposition 

when arriving from an extended source, 2) the wave-passage 

effect which characterizes the spatial variability of the ground 

motion arising from the difference in the arrival times of 

waves at separate stations, and 3) the site-response effect 

arising from the difference in the local soil conditions at two 

stations [10].  

Comparison between the wave-passage and site-response 

effects reveals that the site-response effect can be more 

significant for structures located in regions with rapidly 

changing local soil conditions and which have fundamental 

periods in the range of 0.65 s to 2 s. Bridges and viaducts with 

short or medium length spans may fall in this category. For 

long-span, flexible structures, such as suspension bridges, 

with frequencies lower than 0.5 Hz (period longer than 2 s), 

the wave-passage effect is expected to be more significant 

[10]. 

In a study considering the wave passage effect on the 

response of an open-plane frame building structure on isolated 

column bases, it was found that the multiple support 

excitation approach can yield to frequently larger peak 

column shears when compared with the uniform support 

approach. Results show that the wave passage phenomenon 

should not be overlooked even in short-span structures in the 

absence of soil–structure interaction [11]. Another study made 

on a cable-stayed bridge having two main spans of 283 meters 

concludes that the wave passage effect is very important for 

long-span bridges [12]. Moreover, the study of a simplified 

bridge subjected to travelling disturbance consisting of 

packets of damped oscillatory waves with random amplitudes, 

http://www.seismotoolbox.ca/
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frequencies, arrival times, phases and velocities of 

propagation indicated that a finite transmission time for a 

seismic disturbance can significantly reduce the probability of 

survival of the structure [13]. 

The site-response effects play also an important role in the 

behaviour of a structure during a seismic event. The Southern 

California Earthquake Center identified two important 

geological factors influencing site effects: the softness of the 

rock or soil near the surface and the thickness of the sediments 

above hard rock [14]. As the waves pass from harder to softer 

rocks and slow down, they must get larger in amplitude to 

carry the same amount of energy. Thus, shaking tends to be 

stronger at sites with softer surface layers, where seismic 

waves move more slowly. In addition, as the thickness of 

sediment increases, so does the amount of shaking. The 

software SHAKE [15] computes the response in a horizontally 

layered soil-rock system subjected to transient, vertical 

travelling shear waves. The motion used as basis for the 

analysis can be applied to any layer in the system. Systems 

with elastic base and with variable damping in each layer can 

be analyzed. Equivalent linear soil properties are used with an 

iterative procedure to obtain soil properties compatible with 

the strains developed in each layer [15]. 

3 DESCRIPTION OF THE BRIDGE STUDIED 

The bridge model used for this study is an existing lifeline-

bridge located in Eastern Canada that was designed by 

Canadian engineering consultants CIMA+. The superstructure 

is composed of a concrete deck on 5 steel beams with variable 

flange thicknesses, interconnected by bracings and 

diaphragms. The superstructure is 304 m long by 14.3 m wide 

and spreads over 4 spans. The superstructure is symmetric in 

both longitudinal and transverse directions, with exterior 

spans of 67 m each and interior ones of 85 m each. There is no 

skew between the superstructure and the supports. Figures 2 

and 3 show the elevation and cross-section of the bridge. [16] 

 

 

Figure 2. Elevation – Bridge studied 

 

 

Figure 3. Cross-section – Bridge studied 

 

The supports consist of 2 abutments and 3 columns. . The 

heights of the three columns are respectively 22 m, 29 m and 

27 m, which is high relative to the span lengths. The columns 

were designed to have a weaker upper part composed of 4 

short pilasters (7 m tall) aligned in the transverse direction and 

embedded in a pile cap. Those short pilasters are fixed to a 

caisson-type lower part that gets larger linearly until it reaches 

the footing. Such design allows the formation of plastic hinges 

at the bottom and at the top of those pilasters. In the 

longitudinal direction, which is the direction studied, the 

superstructure is pinned at the columns and free to move at the 

abutments. [16] 

 

 

Figure 4. Typical Column – Bridge studied 

 

Finally, as for soil conditions, the rock is only a few meters 

below the natural soil surface for all supports except for the 

middle column (Col. 2 in Figure 2), where it can be found 

only at a depth of 30 m. To reach the rock layer for that 

support, a total of 10 pile-caissons of 1.5 m in diameter were 

bored through the sand layer above it. Therefore, the middle 

footing sits on piles bored up to the rock while the footings 

supporting the two other columns sit directly on rock. Figure 5 

presents a plan view of the middle support’s footing with the 

layout of the pile-caissons [16]. 

 

 

Figure 5. Plan view – Footing at Column 2 

4 RESPONSE AND DESIGN SPECTRA 

To perform time-history structural analysis with multiple 

support excitations, one must obtain seismic records that 

correspond to the UHS of the site considered. For this study, 

the procedure described in Atkinson [3] is used to select and 

scale a set of 11 ground motion records.  

The periods of interest is obtained directly from the results 

of the bridge’s modal analysis. Due to possible period 

elongation due to nonlinear (ductile) behaviour, the upper 

bound period should be greater than or equal to twice the 

fundamental period of the structure, but not less than 1.5 s, 

and the lower bound period should be established such that 

the range of periods from lowest to highest includes at least 

the periods of the modes necessary to achieve 90% of 

effective modal mass participation, but not more than 0.2 
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times the first-mode period [17]. Thus, the range of periods of 

interest for the bridge is from 0.08 s to 2.8 s, the fundamental 

period being 1.37 s. 
The uniform hazard spectrum (UHS) used for this study is 

calculated using the provisions of the current NBCC 2010 

with the proposed data for the upcoming NBCC 2015, for a 

city near the bridge’s location and a seismic hazard recurrence 

of 2% in 50 years. The city chosen is located only 40 km 

away from the bridge and its proposed data are consistent with 

those obtained for the exact location of the bridge with the 

NBCC 2010 provisions. Figure 6 presents the response spectra 

obtained for rock from all 11 ground motion time-histories 

versus the target UHS. Those response spectra are obtained 

from calibrated time-histories as discussed in section 2.3. 

 

 

Figure 6. Response spectra vs UHS - hard rock (type A) 

 

Ground motion time-histories applied to pile-caissons in the 

sand layer at the central column are obtained from one 

dimensional wave propagation analysis using the software 

SHAKE [15]. Calibrated ground motion time-histories for 

rock are assigned at the bottom of the sand layer, and 

propagation to the surface is computed through analysis. Such 

process is referred to as “convolution” and it is performed to 

have compatibility between ground motions assigned to soil 

conditions A (rock) (abutments Cols. 1 and 3) and C (dense 

sand) (Col. 2), as illustrated in Figure 7. 

 

 

Figure 7. Calibrated GMT-H for different soils 

The response spectra obtained after performing convolution 

through the 30 m sand layer for the 11 ground motion time-

histories are presented in Figure 8. In general, those response 

spectra are higher than the ones obtained for rock. One would 

expect nonetheless the spectra to match the UHS for the 

Code's soil condition C (dense sand), but the spectral 

accelerations only correspond, on average, the UHS for short 

periods. For periods longer than 0.4 s, they are generally 

below the code spectrum. This result can be explained by the 

fact that the NBCC foundation site amplification factors Fa 

and Fv (Tables 3&4) and resulting UHS must enclose a 

broader range of cases, namely different depths of dense soils 

with different stiffness properties, for which the response can 

be larger than the one obtained for the particular 30 m layer 

condition considered in this study. 

 

 

Figure 8. Response spectra vs UHS - type C soil 

5 BRIDGE MODELLING 

 The bridge is examined in the longitudinal direction because 

the multiple support excitations in this study consider the 

wave passage effect. The bridge is modelled with the 

computer program SAP2000 [18] as a 2D structure with beam 

elements having properties of the entire cross sections in both 

longitudinal and transverse directions. Views of the model 

showing the extruded BNWF are shown in Figure 9, while the 

sections that follow describe each component in details.  

 

 

Figure 9. SAP2000 structural model with BNWF for the 

central column 

5.1 Superstructure 

The superstructure is modelled with frame elements having 

properties that vary along the length of the bridge as the 

flanges of the steel beams change thicknesses. Every 

component of the superstructure is supposed to stay in its 

elastic state during a seismic event because it is a capacity-

protected element (CSA/CAN S6-06). The superstructure is 
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connected to the columns with rigid extensions modeled by 

two-joint links with fixed directional properties, of lengths 

equal to the distance from the center of gravity of the 

superstructure to the top of the columns. All dead loads of the 

superstructure are considered in the mass definition, namely 

the self weight of the beams and deck, asphalt and barriers.  

5.2 Columns 

The top part of all three columns consists of identical pile caps 

and pilasters (Figure 4). It is therefore the lower caisson-type 

portion that differs in dimensions between the three supports. 

All components are represented by single frame elements with 

equivalent properties. Properties for pilasters and caisson-type 

lower portions are calculated at the bottom, center and top, 

and variable frame sections are assigned to the frames. 

The bridge was designed such that plastic hinges will form 

at the pilasters’ level in case of an exceptional seismic event. 

Nevertheless, due to an importance factor of 3.0 and to a 

response modification factor of 3.0 as well in the longitudinal 

direction, all columns were designed to stay elastic for inertia 

forces produced by ground motion intensities that reach the 

design Csm (Eq. 1) [16]. Such behaviour was verified in this 

study from response spectrum analysis using NBCC 2015 

UHS. Furthermore, from response history analysis, the 

maximum moment produced by all 11 ground motion time-

histories remained below the yielding moment of the pilasters. 

For that reason, material non-linearity was not considered in 

the model.  

5.3 Soil-Structure Interaction (SSI) 

The middle column sits on a layer of 30 m of sand while the 

two other columns lay directly on rock. Two models are 

considered in this study: the fixed-base model (as a reference) 

and a second model where the Beam on Non-linear Winkler 

Foundation (BNWF) model is used for the middle column. 

The second model is referred to as the BNWF model for 

simplicity. 

The latter model represents pile-caissons at the central 

support with single frame elements to represent the entire 

group’s cross-section. The discretization of the frame 

elements along the height is 1.5 m, corresponding to the 

diameter of the caissons. Link elements, to which soil load-

displacement (p-y) curves are assigned, are attached to the 

caissons, and the soil’s non-linear behaviour is obtained for 

every link with the software LPile. Homogeneous sand 

properties are used throughout the entire height. Figure 10 

shows p-y curves that are applied to multilinear-plastic link 

elements. 

 

 

Figure 10. p-y curves assigned to link elements 

For both the fixed-base and the BNWF models, Rayleigh 

damping with 5% of critical damping was specified at the 

fundamental period of the structure and at a period close to 

90% of mass participation, namely 0.1 s.  

The modal analysis of the fixed-base model gives a 

structure’s fundamental period of 1.37 s. The presence of piles 

adds more flexibility to the structure and a model that includes 

them should give a fundamental period higher than the one 

obtained with the fixed-base model. Since the BNWF model 

is not suitable to compute the fundamental period as the 

model has to be linear to perform a modal analysis, a third 

model including effective linear springs was made for that 

purpose. The fundamental period was found to increase 

slightly to 1.40 s.  

5.4 Multiple Support Excitation 

Multiple support excitations can be performed in SAP2000 

structural models by applying input seismic motions in the 

form of displacement time-histories. Displacement time-

histories can be assigned individually to any node, allowing 

one to consider the site-response and wave passage effects in 

the numerical models.    

Both the fixed-base and BNWF models are subjected to 

combinations of ground motions for sand and rock. The 

displacements time-histories used for sand come from the 

convolution analyses done with SHAKE [15].  

The wave passage effect is considered in this study for the 

case of local soil conditions (30 m sand layer for the central 

column and rock for the other two columns). The seismic 

wave propagates mainly through rock of good quality, for 

which a speed of 1500 m/s is used (hard rock in good 

condition). The time lag applied corresponds to the wave 

speed multiplied by the distance between supports. Figure 11 

illustrates the delays that are used for the analysis of the 

bridge. There is no imposed displacement applied at 

abutments because the movement of the structure is not 

restrained in the longitudinal direction at those locations.   

 

 

Figure 11. Arrival times in the longitudinal direction 

6 SEISMIC RESPONSE 

This section summarizes and compares results obtained from 

four different sets of seismic response analyses applied to both 

the fixed-base model (reference model) and the one including 

the BNWF (piles) at the central support. The four sets of 

analyses are as follows: 

 

“Rock analysis” 1A and 1B – Rock input seismic motions 

are applied to all supports of the fixed-base model (1A) and of 

the BNWF model (1B) 
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“Sand analysis” 2A and 2B – Sand input seismic motions 

are applied to all supports of the fixed-base model (2A) and of 

the BNWF model (2B) 

“Local analysis” 3A and 3B – Multiple support excitations 

with local soil conditions, namely rock motions for columns 1 

and 3 and sand motions for column 2. The set applied to the 

fixed-base is 3A and the one to the BNWF model is 3B. 

“Wave-local analysis” 4A and 4B – Multiple support 

excitations with local soil conditions, with the addition of the 

wave passage effect as discussed in the previous section. Here 

again, 4A corresponds to the fixed-base model while 4B to the 

BNWF model. Model 4B is considered the most 

representative of the bridge in situ seismic behaviour.  

6.1 Columns internal forces 

Tables 5 and 6 present the maximum moments and shears at 

the base of the three columns of the bridge, as obtained from 

the envelope of the 11 ground motion time-histories. They are 

shown for each analysis set described previously.  

 

Table 5. Maximum moments at base of columns. 

Analysis  

 Maximum Moments (MN*m) 

Column 1 Column 2 Column 3 

1A 34.8 56.5 47.9 

1B 37.7 73.2 48.7 

2A 41.3 101 80.8 

2B 43.9 102 82.6 

3A 35.0 105 54.3 

3B 41.6 115 49.5 

4A 35.2 106 51.4 

4B  40.2 113 54.1 

Table 6. Maximum shears at base of columns. 

Analysis  

 Maximum Shears (kN) 

Column 1 Column 2 Column 3 

1A 2210 3660 3290 

1B 2400 6690 3270 

2A 3050 7280 6230 

2B 3320 11700 6350 

3A 2150 7500 3800 

3B 2460 13200 3240 

4A 2190 7670 3420 

4B  2630 13300 3650 

 

Similar trends are observed between the four sets of 

analyses in both models. First of all, base column reactions for 

sets on sand (2A and 2B) are greater than the ones on rock 

(1A and 1B). Such result is expected because the ground 

motions on sand correspond to larger UHS spectral ordinates 

than the ones on rock.  

The application of multiple support excitation considering 

local soil conditions influences particularly the corresponding 

foundation where it is applied. Results from local analyses 

(3A and 3B) for columns 1 and 3 are similar to those for rock 

analyses (1A and 1B), while results for column 2 are closer to 

the ones obtained from the sand analyses (2A and 2B). 

Reactions at columns 1 and 3 are larger by at most 16% from 

rock analyses (shear of 3A vs 1A) while those at column 2 are 

larger by at most 13% when compared to sand analyses (shear 

of 3B vs 2B). When reactions from the 11 ground-motion 

time-histories are observed individually (results not shown 

here), there is a general increase in reactions at column 2, 

especially for the BNWF model when local soil conditions are 

considered (3B versus 2B).   

When the wave passage effect is considered along with 

local soil conditions, results for 4A and 4B at columns 1 and 2 

are within 7% and 2% from results of 3A and 3B respectively. 

Column 3 shows larger variations, having a decrease of 10% 

between 4A-3A, and an increase of 13% between 4B-3B. 

When the 11 ground motion time-histories are observed 

individually (results not shown here), there is little influence 

by the wave passage effect on the central column, with a 

maximal variation of 4.4% for the fixed-base model (4A vs 

3A) and 2.6% for the BNWF one (4B vs 3B). Nevertheless, 

reactions generally increase for the BNWF model for columns 

1 and 3 when wave passage is considered (4B vs 3B). That 

trend is not observed for the fixed-base model. 

When both fixed-base and BNWF models are compared (A 

vs B analyses), the BNWF model shows higher reactions in 

most cases, even when ground-motions are looked at 

individually. Maximum shear at column 2 increases the most, 

as it is larger by 61% to 83% for all four sets of analyses (B vs 

A). For that same column, maximum moment increases by 

0.4% to 30%. 

Although averages of all 11 ground-motion time-histories 

are not shown, they follow the same trends as the maximums, 

with values that are lower than those maximums by roughly 

20% to 45%. 

6.2 Deck displacements 

Tables 7 and 8 present the maximum longitudinal 

displacements of the deck at both abutments of the bridge, as 

obtained from the envelope of the 11 ground motion time-

histories. Displacements are obtained relatively to the 

respective input rock ground motion time-histories because 

abutments lay on this layer.  

 

Table 7. Maximum deck displacements. 

Analysis  

 Longitudinal Displacements (mm) 

Abutment 1 Abutment 2 

1A 39.6 40.4 

1B 42.8 42.9 

2A 42.3 42.2 

2B 43.5 45.5 

3A 40.3 40.9 

3B 43.7 43.3 

4A 40.0 39.2 

4B  42.7 43.7 

 

Longitudinal displacements from different sets of analysis 

show little variations. For both models, there are only 2-3 mm 

differences between the highest and the lowest maxima. The 

sand analyses (2A and 2B) are the ones that show slightly 

larger displacements than the three other types of analyses.  
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7 CONCLUSIONS 

The calibration method used for the rock ground motion time-

histories successfully matched the UHS obtained from the 

upcoming Canadian bridge code CAN/SCA S6-15. The 

convolution performed to obtain ground motion time-histories 

for the 30 m sand layer at the central support show spectral 

accelerations that are below the code UHS for that type of soil 

for periods longer than 0.4 s. Such results are expected 

because the code UHS must enclose various cases for which 

the response can be larger than the one obtained for the case 

studied in this project. 

From the four sets of bridge structural time-history analyses 

performed on the fixed-base model and the model including a 

BNWF to represent the piles at the central support, the 

following conclusions are made: 

 

- Internal forces at the base of a specific column are 

particularly influenced by the soil conditions directly 

under it. The sand layer at the central support increases 

reactions at that specific column. There is little 

redistribution between all three supports when local soil 

conditions are considered. 

- Multiple support excitations with local soil conditions 

yield larger base reactions, although not excessively, 

than the respective homogenous analyses at each 

column (versus rock for columns 1 and 3, and versus 

sand for column 2).  

- The wave passage effect influences insignificantly 

reactions at the bridge`s columns. The high velocity of 

the seismic wave can explain the little influence as the 

structure might not have time to respond. A comparison 

of results with a slower wave passage would confirm 

this hypothesis. 

- Base reactions at the central column are influenced by 

the presence of the piles. Shears at that column are 

larger by up to 83% and moments are larger by up to 

30%, when the BNWF model including the piles is 

used instead of a fixed-base model. 

- Displacements at abutments vary by as little as 6 mm 

between all the analyses. In general, the BNWF model 

exhibits displacements about 2-3 mm larger from the 

fixed-base model.  

 

As a general note, the bridge as designed responded in the 

elastic range when subjected to seismic ground motions 

compatible with the most recent 2% in 50 years UHS data, 

which is consistent with the anticipated performance for a 

lifeline-bridge that needs to remain open to all traffic after a 

large earthquake. 
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