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EXECUTIVE SUMMARY

The proposed new seismic code for highway bridges (NCHRP 12-49) is a major step forward
reflecting the latest scientific developments and knowledge gained over the past two decades. It
is a nationally applicable set of provisions where hazard is characterized uniformly for the entire
nation by employing the latest maps developed by the US Geological Survey (USGS). The goal
of this study was to evaluate its implications for the design of bridges in the State of New Jersey.

The findings can be summarized as strong support for its implementation in its present form.

The bottlenecks to adoption of NCHRP 12-49 by AASHTO reportedly are: perceived high
increases in seismic forces, requirement of seismic design for a wider range of seismicity,
complexity of the provisions, and control over the maps defining the seismic hazard. The latter is
an issue that can easily be addressed. However, contrary to ongoing misperception and/or
misunderstanding, it is the determination of this study that seismic forces are not necessarily
higher when the proposed new provisions are employed. Indeed for the State of New Jersey for
majority of designs (if not all) the new provisions can result in lower seismic forces. This is for
several reasons more notably for the facts that the new provisions contains an incentive for
performing more advanced analyses and that it has removed the conservatism associated with
current AASHTO acceleration response spectrum for long period systems. Furthermore,
although the new provisions are more involved and contain new concepts such as capacity
spectrum design procedure, they are well documented and discounting the initial efforts of the
learning curve, it is not expected that there will be significant change in the design effort
compared to Division I-A. Indeed it is for availability of these new simplified design procedures,
which will probably be applicable to a large number of bridges, that the impact of a wider region

requiring seismic design is also minimal or none.

As a result of misunderstanding on the exact impact of NCHRP 12-49, an alternative version,
which among its changes is a reduction in return period, is being explored. It is shown here that
if the design spectrum is reduced by two-thirds (roughly corresponding to a 1,500 year return
period) the seismic forces for relevant bridge periods will be minuscule leaving highway bridges
vulnerable to even moderate events. The 1995 Kobe, Japan earthquake proved that rare
earthquakes do indeed happen. Rather than reduction in return period, it is recommended that
more emphasis be placed on site-specific analysis to further reduce uncertainties in defining the

hazard and to allow taking steps to relax the limit on its applicability.

Furthermore, future research efforts and resources should be concentrated on areas of seismic
design that can have multi-hazard benefits. Among such topics are explicit considerations to the
effect of vertical motion and bridge superstructure vibration, which can also have significant

implications on bridge safety vis-a-vis blast and reversed loadings.
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Thus, findings and recommendations can be highlighted as follow:

e Seismic design forces based on the proposed NCHRP 12-49 code are not necessarily
higher than the existing code. Most designs (if not all) for the state of NJ can actually
have lower seismic forces compared to the existing code.

e NCHRP provisions provide simplified analysis and design procedure that can apply to a
large number of bridges in NJ.

e The cost implication of seismic design requirements for a wider region is minimal to
none due to the addition of no analysis design concepts and simplified but more accurate
procedures.

e Proposed provisions are nationally applicable and provide uniform hazard across the
nation by using recent USGS maps.

e Adopt NCHRP 12-49 in its present form and encourage AASHTO to do the same.

e (Consider making comparative designs based on NCHRP 12-49 and Division I-A a part of
the bridge project scope in the state of NJ.

e Oppose changes in hazard definition that results in a lower return period (e.g., 1,500 year
or lower) since such a move can have serious adverse effect on seismic safety of bridges.

e Encourage seismic provisions, such as NCHRP 12-49 that take advantage of advances in
analytical procedures and rewards designs that are based on the state-of-the-knowledge.

e Collect dynamic soil properties as a part of future bridge construction. Gains in more
efficient and better designs well justify minimal associated costs.

¢ Encourage relaxing site-specific analysis limit(s) to promote further collaboration among
geology, seismology, geotechnical engineering, and structural engineering to better

define seismic hazards and model soil-structure interaction.

Rather than revising NCHRP 12-49 by reducing return period and/or removing incentives for use
of the state-of-the-art analysis procedures, the following topics are recommended for future
research and development:

e Consideration to dual benefit multi-hazard problems such as response of highway bridges
to vertical motion and blast load. Possible research topics for immediate considerations
are effect of blast and vertical seismic loads on bridge superstructure, development of
protective systems for both sub- and superstructure, and impacts of upward motions on
pre-tensioned and post-tensioned bridges.

e Perform a sensitivity study on interdependency of bridge dynamic characteristics
(period) and site conditions (hazard level) to more exactly quantify its impact on seismic
demands for various bridges.

e Develop design tools to facilitate and streamline the application of new analysis and
design concepts under NCHRP 12-49.



INTRODUCTION

The San Fernando Earthquake of February 9, 1971 was a turning point in the development and
subsequent implementation of seismic design codes for highway bridges. Prior to 1971, seismic
guidelines for highway bridges were very simple and without much consideration to bridge
vibration and site conditions. Seismic design forces were constant regardless of system period
and they were related to the bridge weight through a simple constant that ranged from 0.02 to
0.06. Following the San Fernando Earthquake many research and development projects were
initiated. Among these was a major study sponsored by FHWA to develop seismic design
guidelines for highway bridges, which was conducted by the Applied Technology Council
(ATC) and published as ATC-06 [1]. In 1991, the American Association of Highway and
Transportation Officials (AASHTO) adopted the guidelines as a standard specification (also
known as Division I-A). During the 1990s changes (mostly terminology) were made to Division
I-A specifications and they were adopted into AASHTO LRFD. Thus, existing seismic codes are

mostly based on research conducted in the 1970s after the San Fernando Earthquake.

During the past two decades there have been several major earthquakes with significant impact
on seismic performance of highway bridges. Among these are:

e October 17, 1989 Loma Prieta Earthquake,

e January 17, 1993 Northridge Earthquake,

e January 17, 1995 Kobe Earthquake,

e September 20, 1999 Taiwan Earthquake, and

e 1999 Earthquakes in Turkey.
In addition to reinforcing lessons learned from the San Fernando Earthquake, these earthquakes
provided many other lessons to be considered in the seismic analysis and design of highway
bridges. These earthquakes highlighted:

e Importance of site conditions,

e The need to consider near fault ground motion,

e Importance of connection details, and reliability of multi-column bent performance,

e The possibility of occurrence of rare events (an important lesson for low seismicity

region such as NJ),
e The likelihood of premature failure of more recent bearings,
e The fling-step phenomenon (large unidirectional velocity pulses in the fault-normal
direction), and fault rupture crossing the bridge site, and

e Development of advanced analytical tools.

Furthermore, these earthquakes provided the needed information on performance of some of the

newer technologies developed after the San Fernando Earthquake of 1971.



To reflect the experience gained during these earthquakes, and the scientific knowledge created
over the past two decades, in 1998 the Applied Technology Council (ATC) and the
Multidisciplinary Center for Earthquake Engineering Research (MCEER) at SUNY Buffalo,
initiated a joint venture to develop the next generation of seismic design specifications for
highway bridges in the United States. The project was sponsored by AASHTO and conducted
through the National Cooperative Highway Research Program (NCHRP), as NCHRP Project 12-
49 [2]. It was entitled “Comprehensive Specifications for the Seismic Design of Bridges.” The

project continued the evolution of seismic codes for highway bridges from a single equation in
the 60s to a performance-based specification. The work reflects a 5-year effort of a project team
consisting of academicians, and practitioners from all parts of the nation, guided by equally
distinguished project advisory committee and a NCHRP project panel. The final document
addresses the state-of-the-art aspects of highway bridge seismic design, including the latest
approaches for representing the seismic hazard, design and performance criteria, improved
analysis methods, steel and concrete superstructure and substructure design and detailing, and
foundation design. The proposed provisions are now being used in trial designs around the
country, and are being considered (albeit probably in a modified form) for adoption by AASHTO
as “Recommended LRFD Guidelines for the Seismic Design of Highway Bridges.”

The objective of this study was to evaluate the NCHRP 12-49 guidelines and to assess its
impact on the seismic design of highway bridges in the State of New Jersey.

ROCK DESIGN SPECTRA

A major advantage of NCHRP 12-49 is that unlike the current AASHTO code (Division I-A),
which has three implied performance objectives; it is explicitly a performance-based approach. It
provides more definitive performance objectives and damage states for two design earthquakes.
Aside from the fact that performance based engineering is the evolutionary path for seismic
design codes for both buildings and bridges, dual level approach to design earthquakes addresses
an important lesson learned from the January 17, 1995 Kobe, Japan Earthquake. This earthquake
proved that rare (or the maximum considered) events do indeed occur, as an earthquake of this

magnitude was considered rare for that part of Japan.

Based on NCHRP 12-49, which employs USGS 1996 maps [3], the upper-level event termed the
Maximum Considered Earthquake (MCE) corresponds to a 3% probability of exceedance (PE) in
75 years (approx 2500 years return period), while the lower-level design event, termed the
expected earthquake, has ground motions corresponding to 50% PE in 75 year (or 108 years
return period). The current provisions (Division I-A) employ the 1990 USGS maps, which
provide contours of peak ground acceleration (PGA) for a PE of 10% in 50 years (about 500

years return period). Figure 1 shows response spectra for a rock site in Newark, NJ based on both
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codes. This figure shows that for rock sites the response spectrum, even for the maximum
considered earthquake (MCE) based on NCHRP 12-49 (2500 years return period), is lower than
the 500-year event based on Division I-A (blue vs. red). Thus, even without consideration to
other factors (such as higher R-Factor under NCHRP 12-49) on sites with competent soil the

proposed new codes result in lower seismic forces for bridges in NJ.

Another important change is the general shape of the response spectra. The new spectral shape
removes the conservatism associated with Division I-A acceleration response spectrum for long
period systems. For long period systems the new response spectrum reduces as a function of the
inverse of period (i.e., 1/T), while under the existing codes (Division I-A) it reduces more
gradually with the inverse of period to the power of 2/3 (1/T*?). Information on design response
spectrum construction based on NCHRP 12-49, using two-point method and online resources of
USGS, is provided in Appendix I.

SoOIL EFFECTS

More recent earthquakes, such as the 1989 Loma Prieta Earthquake, demonstrated the
importance of site conditions and dynamic response of deep soft soil as a contributing factor to
bridge collapse. Thus, another major advantage of the proposed new codes is that it provides new
site classes and site factors. These are based on recent work adopted by CalTrans in 1999 and
International Building Code (IBC) in 2000.

Site definitions are extended to five classes where specific information on site classification is
provided. Shear wave velocity (V) is the fundamental property used in classifying both rock and
soil sites. For example, sites with V greater than 5,000 ft/sec are classified as A, while at the
other end of the spectrum is class E with V less than 600 ft/sec. Division I-A site classification
includes four types (I through IV) and they are defined based on general descriptions that can
become subjective. In addition to shear wave velocity, Standard Penetration Test (SPT) blow

count (N-value) or undrained shear strength (S,) can be used to classify soil profiles.

The new site coefficients are a significant change with regard to its impact on the level of
seismic design forces. Site coefficients (or soil factors) are different for short period ranges and
long period ranges, as shown in Tables 1 and 2. Important to states with low to moderate
seismicity, such as the state of New Jersey, is also the fact that due to nonlinear response effects
of soils, the site factors increase with a decrease in spectral accelerations. For example, the short
period coefficient, F,, for a mapped spectral acceleration equal to 0.25g ranges from 0.8 for class
A to 2.5 for class E sites. For a mapped acceleration equal to 0.75g this coefficient ranges only

from 0.8 to 1.2 for site classes A to E. The same pattern holds for 1-second period coefficient, F,.



Figure 2 shows the response spectra for the range of site conditions based on NCHRP 12-49 (i.e.,
site classes A and E) and those for Division I-A (soil type I and IV) for Newark, NJ ! Note that
the spectrum corresponding to NCHRP 12-49 corresponds to upper level event (MCE), which is
3% PE in 75 years or approximately 2,500 years return period. Division I-A has only one event
with about 500 years return period. As discussed before (Figure 1), for competent soils the
spectral accelerations are smaller based for the proposed new code (i.e., Class A/pink vs. Type
I/red). For soft soil sites, the spectral accelerations based on NCHRP 12-49 (Class E/blue curve)
are higher than those based on existing code (Type I'V/black) only for low period (high
frequency) systems. In this case, for systems with periods longer than 0.7 second the spectral
accelerations are lower based on the proposed new code. This is an important point to be
considered in the design process. Note that Division [-A spectrum is capped at a fixed value
regardless of site condition. There is no scientific and/or empirical explanation on the derivation
of this short-period cap, and site-specific results indicate that Division I-A can underestimate

design spectral values by a factor of 1.5 or more [4].

Table 3 shows typical mapped short-period spectral values, S, for several counties in the state of
New Jersey. For comparison purposes the peak ground accelerations based on Division I-A (and
modified per NJ Bridge Design Manual) are also provided. It should be noted that NCHRP 12-49
gives spectral values for rock site while Division I-A gives peak ground accelerations. Therefore,
appropriate factors should be used to compare the two codes and/or to determine spectral values
for a different site condition. Division I-A spectral coefficient is capped at 2.5 regardless of soil
type. Thus, based on Division I-A there is no difference between the short-period spectral values
for Type I and Type IV soils (corresponding to Classes B and E in NCHRP 12-49). For example,
in Figure 2 spectral values are equal for periods less than 0.3 seconds regardless of soil

condition.

The highest increase in short-period spectral accelerations occurs in Salem County (zip code
08067). Inspection of contour maps of low period (0.2 seconds) spectral accelerations as shown
in Figure 4 reveals the reason behind this. For the northern counties such as Bergen or Essex
although S, are high, so are the peak ground accelerations based on Division I-A (at 0.18g). Thus,
in Bergen County the ratio of short-period spectral values for a rock site is almost unity (1.01)
and it is around 1.83 for a soft soil site. However, for the Salem County the peak ground
acceleration based on existing code is only 0.10g, while its northwest corner (e.g. zip code

08067) falls within a relatively high spectral acceleration contour based on the proposed new

' Trends and patters discussed are general, and in the sake of brevity results of additional examples are not
presented.



code. This causes an increase in spectral ratios to 1.28 and 2.92 for rock and soft soil conditions,

respectively.

Of course the response spectrum by itself does not determine the level of seismic forces.
Dynamic and nonlinear response characteristics of the bridge should also be considered. As it
will be shown later when these factors are all considered seismic forces are mostly lower even
for soft soil sites and low period systems when the proposed new provisions (NCHRP 12-4) are
compared to Division [-A.

SENSITIVITY TO SITE CLASSIFICATION

As noted before, due to the nonlinear response of soil, and as shown in Tables 1 and 2 under the
proposed new provisions, the site coefficients depend on the level of spectral values.
Furthermore, the incremental difference between the site coefficients increases as the soil gets
softer. For example, for mapped short-period spectral accelerations of 0.25g the site coefficient
increases from 1 for Site Class B, to 1.2 for Site Class C (a 20% increase). However, it increases
from 1.6 for Site Class D, to 2.5 for Site Class E (an increase of 56%). Thus, noting differences
in the return period and the fact that design spectrum is only one parameter in the determination
of seismic forces, for low period systems on soft soils the spectral accelerations are higher when
the proposed new provisions are employed. In light of these facts, it is recommended that for
major projects soil dynamic characteristics (such as shear wave velocity) are measured in order
to more accurately classify a bridge site without much conservatism. This is more so when
available data (such as SPT blow count) indicate the site is on the boundary between two soft
soil classes (as illustrated in the following paragraph). Availability of advanced technologies
makes such measurements very cost effective with the potential for significant cost savings in the
final bridge design.

From a list of NJ bridges with more than 3-spans and built recently (since 1997), five bridges
distributed throughout the state were selected to classify the sites using available data and
determine the corresponding design response spectra using both the existing and proposed new
codes. These bridges are:

e Union Avenue over Passaic River (Bergen County),

e NIJRt. 15 over NYS Western Rail (Sussex County),

e NIJ Rt. 35 over Navesink River (Monmouth County),

e US Rt. 206 over Raritan River (Somerset County), and

e QOcean Drive over Middle Thorofare (Cape May County).

For all the bridges SPT blow counts at various locations along the span are available. Using a

combination of proximity to the center of the bridge and lowest SPT blow count, one test was
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selected for each bridge site to classify the soil. The test was used as directly measured in the
field without any correction and the procedure outlined in the proposed new provisions was
followed to determine average SPT blow count (N-value). Site classes A (hard rock) and B

(rock) can be classified using only shear wave velocity and, therefore, not used here.

The bridge site in Somerset County is classified as Class C with an N-value® of 64 blows/ft. The
corresponding response spectrum is compared to Division [-A spectrum for Type II soil in Figure
4a. With N-values of 22 and 49 blows/ft, respectively, Bergen and Cape May sites are both
classified as Class D and their spectra are compared to Division I-A spectra at these counties for
Type 11 soil (Figures 4b and 4c). Note that with only four soil types in Division I-A compared to
six site classes under the proposed new provisions there are some overlap in site definitions. The
Monmouth site with an N-value of 3 blows/ft is clearly a Class E soil and its spectrum is

compared to Type IV soil under Division I-A in Figure 4d.

The average N-value for the bridge in Sussex County is 17 blows/ft, just above the 15 blows/ft to
be classified as Class D. The response spectrum is compared to Division I-A Type II soil type in
Figure 5a. However, if the site is classified as Class E the spectral accelerations will be much
higher as shown in Figure 5b. The short-period accelerations go up from 0.53g to 0.76g. This is
an example of sensitivity of design spectrum to soil classification, especially for low seismic
regions. Determination of dynamic soil characteristics (e.g., for example shear wave velocity)

may result in classification of the site as Class D with more confidence.

Based on Division I-A, due to the use of not clearly justified cap, the short-period peak is the

same regardless of the soil classification.

For many bridge sites considered in NJ (including some of the above examples) the rock layer is
often within the top 100-ft. If the SPT count for the remaining depth to 100-ft depth is assumed
equal to the blow count for the last 5-ft measured, then the soil classification for the above
examples, except for the Monmouth site, goes up one class (i.e., C rather than D or D rather than
E). In light of the importance of soil classification on spectral values, especially for low seismic
regions, it is well justified to define the soil class more accurately and aggressively. Therefore, it
is recommended that consideration be given to collecting additional dynamic properties such as
shear wave velocity during soil exploration of future bridge sites. Fundamental soil dynamic
properties can be used to classify the site more accurately and to compare to classification using
SPT blow count to increase confidence in the latter as an adequate soil parameter for site

classification. With the collection of adequate numbers of such data, empirical relationships can

2 SPT indicates shallow rock depth at 10-ft, thus, the N-value is a conservative estimate.
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be developed among various soil dynamic properties for future use. Availability of such
relationships will have important design utility. Associated cost in collecting this data is expected
to be insignificant compared to the overall bridge construction cost. There is also the potential

for significant cost savings in the bridge itself as well as savings in the design of future bridges.

SEISMIC FORCES
As it was mentioned, simply comparing NCHRP 12-49 response spectrum for an MCE event to
Division I-A response spectrum is incorrect and ignores several facts or scientific and empirical
knowledge; namely:
e The return periods for the two spectra are not the same,
e More recent earthquakes have demonstrated the need for consideration to rare events,
especially for regions of low seismicity such as NJ,
e Lack of scientific and/or empirical explanation for the short-period cap used in the
Division I-A response spectrum,
e Importance of site conditions as demonstrated by several recent earthquakes,
e Considerations to characteristics of bridge nonlinear response and dynamic properties as
important parameters in determining the level of seismic forces, and
e The interdependency of the bridge dynamic characteristics and the site conditions

(boundary springs or soil-structure interaction).

The new spectral shape as discussed before removes the conservatism associated with

Division I-A acceleration response spectrum for long period systems. For long period systems
the new response spectrum reduces, as a function of the inverse of period (i.e., 1/T), while under
the existing codes (Division I-A) it reduces at a slower rate, which is the inverse of period to the
power of 2/3 (i.e., /T %). Therefore, system period plays a more critical role in determining
seismic forces and designers can reduce the seismic forces substantially by adjusting the design
and elongating the system period. It is not within the scope of this study to quantify various
procedures to achieve this objective since development of such procedures require a holistic
approach considering other loads (gravity and environmental) as well as due consideration to
specific serviceability requirements.

Seismic Design and Analysis Procedure (SDAP) and R-Factor

Seismic design and analysis procedure (SDAP) determines the level of analysis required, which
in turn determines how accurately and aggressively the system response characteristic is
represented. The proposed new seismic provisions provide for six SDAPs, namely: Al, A2, B, C,
D, and E. Seismic hazard level (SHL) determines the SDAP.



SDAP A1 and A2 require no rigorous analysis and only minimum design forces at the

connections in the horizontal direction are specified.

SDAP B is a no analysis design concept, which is a new addition in NCHRP 12-49 with
beneficial implications for low seismic hazard areas such as the State of NJ.

SDAP C is a capacity spectrum design method that is another new addition to NCHRP 12-49
and combines demand and capacity analysis, including the effect of inelastic action. Thus, it can
be utilized to explicitly see the trade-off between the seismic design forces and displacements.
The bridge is designed for non-seismic loads and then the adequacy of resulting displacements is
assessed. The approach is simple and does not require determination of the period of vibration. A
large number of bridges in NJ can qualify for this category. Therefore, a simple example is
provided in Appendix II to show the application of this procedure. It is recommended that design
tools using this method be developed to further simplify its application. A bottleneck to adoption
of NCHRP 12-49 is that it requires seismic analysis for a wider range of seismicity. However,
SDAP C can be used even for seismic hazard level IV, and as shown in Appendix II the method
is quite simple and does not require much effort. Thus, cost implications of a wider range of each

state affected by seismic requirements under NCHRP 12-49 is probably minimal to none.

SDAP D is a one step design procedure that uses elastic analysis using cracked section
properties. Similar to the existing provisions Uniform Load or Multimode method of analysis can
be employed. Elastic forces from the analyses shall be modified using the R-Factors shown in
Table 4 to determine seismic design forces. The new provisions contain an incentive for
performing more sophisticated analysis and design as the response modification factor increases
by as much as 50% when SDAP E is employed compared to SDAP D. This is important since it
appreciates/rewards quality in both design and construction, something missing in the existing
provisions. For comparison purposes, Division I-A response modification values are also
provided in Table 5. For a single column bent under the proposed new code, considering life
safety performance, the R-Factor is equal to 4 if SDAP D is used, and is 6 for SDAP E. Under
Division I-A for bridges classified as “Other” (i.e. not critical or essential) the R-Factor is 3
regardless of the design and analysis effort used. Building upon lessons from the Northridge
Earthquake there is no difference between single and multi column bents under the proposed new
specifications. Under the existing code the R-Factor for multi-column bents is 5 for “Other”

bridges.

Since the proposed new seismic provisions are performance based, the performance level
determines the value of response modification factor. Under existing Division I-A provisions

(Table 5) the importance category determines the R-Factor. This difference must be considered
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when seismic forces are compared. Performance related classifications are more appropriate and
easier to define and quantify. There cannot be a direct correlation between the two definitions
since one is response/performance based while the other is simply a subjective non-engineering
definition. However, it appears reasonable to say that critical bridges are those that must remain
operational after the upper level earthquake. On the other hand, bridges classified as non-critical
or non-essential (i.e., “Other” per Division I-A) are those that one would design for only life
safety performance within a performance-based approach. Thus, when seismic forces under the
two guidelines are compared proper care must be exercised to correctly correlate these
classifications. Design examples that compare the operational level of NCHRP 12-49 to bridge

class “Other” under Division I-A are not correct and misleading.

SDAP E combines SDAP D with more advanced analysis methods to take advantage of higher
R-Factors. As shown in Table 4, the increase in R-Factor can be as much as 50% (e.g., 6 as
oppose to 4 for single and multi column bents). Displacement capacity verification or pushover
analysis is employed to verify displacement capacities. The pushover analysis will use nonlinear
two-dimensional models. Today’s engineers are well qualified to perform such analysis and the
capability does exist within many commercial packages. A simple example is provided in
Appendix III to demonstrate this method. Significant advancements were made in nonlinear time
history analysis and in development of design tools after the Loma Prieta Earthquake of 1989. It
is a logical and natural evolution of the seismic codes to take advantage of such advancements in
order to make future designs better and more economical. The incentive in using advance
analysis goes beyond the increase in R-Factor. It is stipulated that if sufficient displacement

capacity exists the substructure design forces may be reduced by an additional 30%.

R-Factor Modifier and Strength Reduction Factor @

A new addition to NCHRP 12-49, which can increase the seismic forces in lower period systems,
is the period modifier on the response modification factor as discussed in article 4.7 of the
provisions [2]. Extensive research over the past decade on the relationship between ductility
demand and R-Factor has demonstrated that this modifier must be a part of any new code. Thus,

the basic response modification factor of Table 4 is modified using the following equation:
R=1+Rs-1)T/T <Rg

Where T is system period and T =125 Ts, and Tgis the intersection point between the

horizontal and ascending segments of the response spectrum (see Figure 1.3 of Appendix I).

Indeed it is a shortcoming of the Division I-A provisions for not recognizing this important

factor. As it will be shown later, the impact of this reduction in R-Factor on seismic forces,
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however, is not significant since the fundamental period for most bridges is well outside the
period range that is impacted by this modifier.

On the other hand, there is a major difference in the resistance factors under the two codes,
which when considered, will result in lower seismic forces under the proposed new code. Based
on the existing AASHTO Division I-A the design, strength is determined by applying a reduction
factor (@ factor) that ranges from 0.5 to 0.9, depending on the axial load and the amount of
longitudinal reinforcing. Under the proposed NCHRP 12-49 this factor is unity for both spiral
and tied columns. Typical @ values under Division I-A designs is about 0.6 to 0.7. This is
equivalent to a 40 to 70 percent increase in the seismic forces in order to correctly compare the

two provisions.

Response Spectra / R: Rock and Soft Soil Sites

A better comparison of the two seismic specifications is made by comparing the seismic forces.
This is represented by dividing the design response spectra by the appropriate response
modification factor (considering low period modifier) and the @ factor. Note that, as it was just
mentioned increasing the AASHTO Division I-A design spectrum by dividing it by the @ factor
is equivalent to reducing the ultimate capacity by this factor to get the design strength as required
by the provisions.

Figure 6 shows response spectra divided by the appropriate factors discussed. Consistent with
prior discussions, these are for a bridge in Newark NJ. Here the site is rock and the bridge is
supported either on multi-column bents or single column bents. Assumptions used in developing
the Division I-A seismic force spectrum are: Type I soil, importance category is non-critical non-
essential (i.e., “Other”) corresponding to response modification factors of 5 (multi-column) and 3
(single column), and response reduction factor, @, of 0.7 is assumed. Assumptions used in
obtaining the corresponding NCHRP 12-49 seismic force spectrum are: Class B soil, life safety
performance, upper level event (MCE or 2500 years return period), base response modification
factor of 6 (SDAP E), reduction of 30 percent assuming displacement capacity verified, and
response reduction factor of unity (® = 1). Because of the low period modifier, under NCHRP
12-49 the actual response modification factor depends on the period and can be as low as unity
for short-period systems, thus, the reason for the significant change in the shape of the seismic

force spectrum for NCHRP 12-49 compared to spectral acceleration spectrum.

Figure 6a indicates that except for systems with periods less than 0.08 seconds, the seismic
forces based on proposed NCHRP 12-49 is smaller than those based existing AASHTO code.
For periods less than 0.08 the seismic forces based on NCHRP 12-49 are only marginally higher.
The relevant period range for typical highway bridges (2 to 4 spans slab-on-girder) is between
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0.1 to 2.0 seconds. Furthermore, the dynamic response of such systems is dominated by the
fundamental mode with a period more towards the high end of the above range. Thus, as it will
be shown even when a less aggressive assumption is made for design under NCHRP 12-49, the

seismic forces will still be mostly lower than the Division I-A forces.

Figure 6b shows similar results assuming the bridge is supported on single column bent(s).
Based on NCHRP 12-49 there is no difference in the R-factor for single and multi-column bents,
and the seismic forces stay the same. However, Division I-A forces increase significantly since
the response modification decreases to 3 (from 5). Consequently, the seismic forces are lower
under the proposed new code for all periods, and they are significantly lower for high period

bridges.

Figure 7 shows similar curves for a bridge on a soft soil site. Thus, all assumptions have stayed
the same as those used in developing Figure 6 spectra except for soil conditions (under NCHRP
12-49 the soil class is E and it is Type IV for Division I-A). Similar to rock site case, for typical
highway bridges, where the fundamental period is normally higher than 0.5 seconds the seismic
forces would be generally lower under the proposed new seismic code. It should be noted that for
the very same reason a trial design of the Doremus Avenue Bridge, which was conducted as a
part of MCEER / AASHTO T-3 Trial Design Project for NJDOT, also found no increase or
lower forces in the columns when NCHRP 12-49 is used, despite the fact that the bridge is
located on a very soft soil. Considering Figure 7, again for single column bents, the difference in
seismic forces in the relevant period range is even more significant. Thus, contrary to existing
misperceptions and misunderstandings the proposed new LRFD guidelines do not necessarily
result in higher seismic demands. Designers who use more advanced analysis methods can

actually produce designs that are much more economical while using state-of-the-art knowledge.

Despite the above observations, in response to ongoing misunderstandings on the actual level of
seismic forces, it has been suggested that a 1,500 year return period rather than a 2,500 year
return period be employed as the upper level event. As it can be inferred from these curves, such
a move can significantly increase the vulnerability of bridges in New Jersey since the seismic
forces will be reduced to a minimum. It would be similar to the mid-60s move by CalTrans in
changing the design spectrum that was subsequently corrected through lessons learned during the
earthquakes of the 70s and 80s (Figure 8).

In comparing the spectra shown in Figures 6 and 7, a major difference is the intersection point of
the NCHRP spectrum with Division I-A spectrum. For the soft soil site and multi-column bents
the intersection period is increased from 0.08 to 0.36 seconds. For the single column bents case

and a soft soil site there is now a short period region (T < 0.18 sec) where NCHRP forces are
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higher. Indeed this is an advantage of NCHRP 12-49 that reflects recent findings on nonlinear
site factors and low period modifiers. Therefore, should there be designs with very low
fundamental periods the design guidelines must correctly quantify the correct relationship
between linear and nonlinear bridge responses, and properly address the impact of soil
characteristics on input motion. However, it is not expected that consideration to these facts will
result in increases in seismic forces in too many cases because only for soft soils the difference
in short-period spectral values is notable. However, as explained below, when due consideration
is given to proper modeling of the soil-structure interaction, it is expected that bridges on soft

soil typically have long periods that do not fall within this narrow range of high spectral values.

A Note on Soil-Structure Interaction

An advantage of NCHRP 12-49 is that it provides explicit information on foundation modeling
known as FMM (Foundation Modeling Method). Guidelines, including tables and charts, are
provided on how to model boundary springs representing various foundation types. Table 6
shows typical equations used in determining boundary springs representing a spread footing. As
it can be seen the spring constants are directly related to the shear modulus, G, which in turn is
related to the shear wave velocity through the well-known wave equation (power of two
relationships). As discussed, shear wave velocity, Vj, is the fundamental soil property used to
define soil class (e.g., Vs> 5,000 ft/sec is Class A and V< 600 ft/sec is Class E). Thus, the
spring stiffnesses for a bridge on a Class A (rock) site can be two orders of magnitude higher
than those for a bridge on a Class E (soft soil) site. That is, for rock (stiff soil) sites the

stiffnesses of the boundary springs are higher and so will be the bridge fundamental frequency.

However, for rock (stiff soil) sites the seismic forces based on NCHRP 12-49 is about the same

or even lower than Division I-A design spectrum at all frequencies (Figure 6). This takes place
despite the fact that response spectrum for the 2500-year return period (NCHRP 12-49) is

compared to the response spectrum for the 500-year return period (Division I-A).

On the other hand, for bridges on soft soil sites the stiffnesses of the springs modeling the
foundation are significantly smaller, thus, elongating the bridge’s fundamental period. Therefore,
the system period will fall into the velocity (long-period) region of the response spectrum where
the spectral accelerations based on NCHRP 12-49 are less than those based on Division I-A

spectrum even for soft soil condition (Figure 7). Referring to Figure 7, seismic forces based on
NCHRP 12-49 go below that based on Division I-A for periods longer than 0.36 second. Typical
viaduct bridges on soft soil are expected to have their fundamental period towards the high-end
of relevant period range, around 1.5 to 2 seconds. A parameter study to more accurately quantify
this interdependency is timely and can shed more light on the exact impact of the proposed new

provisions on the level of seismic forces.
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Response Spectra / R: Medium Soil Site

The above discussions dealt with extreme soil types, namely rock and soft soil. Figure 9 shows
response spectra for a medium soil type (Class C or Type II) in Newark, NJ. Furthermore,
seismic force spectra under the proposed NCHRP 12-49 for two additional situations, where the
design method does not use advance analysis or the design is less aggressive are also plotted.
These are: 1) a case where under SADP E no additional 30 percent reduction is made and, ii) a
case where similar to current approach modal analysis (SDAP D) is assumed to be used (i.e., no
pushover analysis performed). Under SDAP D the response modification factor is 4 compared to
6 for SDAP E. These NCHRP 12-49 spectra, which are the same for single and multi-column

bents are compared to Division I-A spectra for single and multi-column bents.

As it can be seen from comparison of these curves, even when the less advance analysis method
is employed the NCHRP 12-49 seismic forces are much smaller than Division I-A for the
relevant period range (shaded area in Figure 9). In the higher end of this region (e.g., T =1
second) the seismic forces using SDAP D is almost half of Division [-A for multi-column bents
and about one-third for single column bents. Seismic forces based on proposed NCHRP are even
smaller when a more advance analysis approach is employed. For example, for a system with 1-
second fundamental period the seismic forces for SDAP E (with 30 percent reduction) are one-

sixth and one-fourth of Division I-A forces for single and multi-column bents, respectively.

It must be emphasized that the observations discussed in this report are not unique to this site and
applies to the entire state of NJ. Indeed the trend is the same for all over US. To this end, it is
expected that for eastern and central US states seismic forces based on NCHRP 12-49 are in
general comparable and often lower than those based on Division I-A. Therefore, as it was stated
before and shown in the next section any move to lower the seismic hazard by reducing the
return period may have a serious implication with regard to future events. The Kobe earthquake
demonstrated that rare events do indeed happen. Future seismic design provisions must take

lessons learned during past two decades into account, as the NCHRP 12-49 has done.

IMPACT OF LOWER RETURN PERIODS

As demonstrated qualitatively within the previous sections of this report, it is not expected that
the proposed new provisions will increase the level of seismic forces significantly. Indeed, it is
more likely that for most bridges the seismic forces will decrease. Parameter studies performed
as a part of the NCHRP 12-49 project also has shown that [2] “the net effect on the cost of a
column and spread footing is on the average 2 percent less than the current Division I-A
provisions for multi-column bents and 16 percent less than Division I-A provisions for single
column bents.” However, there still persists the misunderstanding that the proposed NCHRP 12-

49 provisions increases the seismic demand significantly. This is a major contributor to the lack
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of a decision to adopt these state-of-the-art provisions. There are two reasons for this
misunderstanding. One is due to the fact that conclusions are made by merely comparing the
design spectra. As discussed, the response spectrum is only one parameter in determining the
seismic forces. Response and dynamic characteristics of the system must be considered in order
to determine the exact level of seismic forces. When these factors are considered the proposed
new provisions do not necessarily result in higher seismic forces and indeed in most cases the

seismic forces will be lower.

Another reason behind the perception that NCHRP 12-49 results in higher demands than
Division I-A is that the comparisons made are often not necessarily correct. For example, in a
major study performed for the Illinois Department of Transportation (IDOT) design of two
bridges based on both provisions are compared [6]. Bridge sites based on Division I-A are
characterized as having soil Type I and III. However, based on NCHRP 12-49 both sites are
characterized as Class D. This is clearly a major inconsistency and incorrect. Both soil Type I
and III under Division I-A cannot be equivalent to Class D under NCHRP 12-49. Furthermore,
both bridges are classified under Division I-A as non-critical and non-essential (i.e., “Other”’) and
an R-Factor of five (R = 5) is used to determine seismic forces. However, under NCHRP 12-49
the performance level “Operational” with an R-Factor of 1 and 0.9 is employed to determine the
seismic forces, and to compare the designs. Again, this is a gross and fundamental mistake
whereby designs that allow for nonlinear actions are compared to ones that are expected to
remain fully elastic. Therefore, it is not surprising that the final designs are significantly
different.

Nevertheless, the misunderstanding with regard to higher demands under NCHRP 12-49 persists.
Consequently, an approach where the hazard is based on a lower return period (either 1,500 or
even 1,000 years as oppose to 2,500 year in NCHRP 12-49) is being pursued as a possible
revision. For example, it is suggested that the design response spectrum equal to two-thirds (2/3)
of the response spectrum for 2 percent in 50-Yr event be employed. Figure 10 attempts to
quantify the impact of such a proposal on seismic forces. Figure 10 is similar to Figure 9, except
that the spectral values of NCHRP 12-49 are reduced by a factor of two-thirds. Here also a Class

C or Type II soil is assumed. Similar to Figure 9 various analysis approaches are assessed.

Figure 10 indicates that when a lower return period is used, regardless of the level of
sophistication employed in the procedure, and for all system periods, the seismic forces are lower
compared to Division I-A for single column bents. This is also true for multi-column bents when
SDAP E (with or without additional 30% reduction) is used. More importantly for bridges with a
period around one-second, which is a more typical value for a fundamental system period, the

seismic forces are dangerously small when compared to the existing provisions. For example, at
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one-second period the seismic forces are only 2.6 percent of the system weight when SDAP D is
used. They reduce to 1.7 percent when SDAP E is used and are merely 1.2 percent when an
additional 30 percent reduction is taken assuming displacement capacity is adequate, which very
likely is the case. These numbers are clearly too minuscule and a bridge designed to carry gravity
and traffic loads will easily satisfy any seismic requirements associated to these levels of forces.

This will leave the highway system seriously vulnerable to occurrence of even moderate

earthquakes. It is, therefore, strongly recommended that a hazard as defined under the existing
version of NCHRP 12-49 be retained.

SITE SPECIFIC ANALYSIS

Attempts were made to develop site-specific response spectra for several sites in NJ in order to
assess the adequacy of those developed based on USGS maps. However, the results were not
conclusive due to the lack of a reliable empirical relationship among various soil data (e.g., STP
blow count, shear wave velocity, damping, etc.). It was observed that spectral values are much
more sensitive to dynamic soil properties at the site than rock motion time histories. It is
recommended that consideration be given to the collection of additional soil data (such as
dynamic properties) either through a comprehensive research project or as a part of future bridge
constructions. Using such data, a guide for estimating the dynamic properties of NJ soil for site
specific analysis can be developed, and can be used as a resource document. A similar effort for
South Carolina soils has been successfully completed [7]. Combined with available resources
from USGS (such as interactive deaggregation) practitioners and researchers would have the

needed tools to perform more reliable site-specific analysis.

A point to be considered to facilitate adoption of the NCHRP 12-49 is to relax the limit on site-
specific spectra. Currently, it is specified that the response spectra determined from a site-
specific study shall not be lower than two-thirds of the response spectra determined using the
general procedure. As more knowledge is being created in this area and newer and “less wrong”
models are being developed and considering the desires in part of some states to take risks at the
expense of savings of public funds, revisiting this limit may indeed be a good option. A
byproduct of site-specific analysis as a more common practice would be better, and more
collaboration between the structural and geotechnical engineers. Combined with the availability
of more detailed information on site conditions, this can have significant cost savings and safety
implications. Soil structure interaction is an important area in the field of earthquake engineering
and seismic design of structural systems that can benefit from additional collaborations and

advancements.
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ADDITIONAL NOTES ON NCHRP 12-49

The proposed new seismic code for highway bridges (NCHRP 12-49) contains many other
additions and modifications, which were not the subject of this evaluation. Among the more
important additions and changes are:

e Earthquake Resisting Systems and Elements (ERS and ERE) — A new concept to
encourage implementation of some seismic resisting systems and elements not allowed
under existing AASHTO provisions. Furthermore, classification of ERS and ERE into
three categories including one that requires owner’s approval will trigger due
consideration to seismic objectives and performance.

e Abutments — Incorporating recent research results the provisions recognizes that the
abutment can be an important part of the ERS. This can have significant beneficial effect
for bridges in the state of New Jersey. In a study sponsored by NJDOT to assess seismic
performance of exiting bridges the beneficial impact of abutments in resisting the
seismic forces is demonstrated [8, 9].

e Liquefaction — An important change in the new provisions where recent research results
are employed.

e Steel and Concrete Design Requirements — While there are no major additions to
concrete provisions the seismic requirements for steel bridges are new.

e Bearing Design Requirements — Three design alternatives are included to address the
performance issues associated with some bearing types. These include a design concept
that permits the girders to slide on a flat surface if the bearings fail. Again, this is a very
important addition that can reduce seismic risk while providing cost savings.
Saadeghvaziri, et al. [8, 10] considered this mode of response in assessing the response
of exiting bridges and it was determined that such a behavior, if stable, can have
significant cost saving implications for the State of New Jersey vis-a-vis seismic retrofit

(or lack of need for retrofit) of bridges.

CONCLUSIONS AND FUTURE RESEARCH NEEDS

This study was an attempt to qualitatively assess the impacts of the proposed NCHRP 12-49
provisions on the seismic design of bridges in the state of New Jersey. The findings can be
summarized as strong support for implementation of the proposed new provisions in its present
form. Besides the fact that the new provisions are based on state-of-the-art knowledge and recent
scientific developments, it is determined that contrary to some misperceptions and
misunderstandings the proposed new LRFD guidelines do not necessarily result in higher seismic
demands. Indeed, for the State of New Jersey, for the majority of designs (if not all) the new
provisions can result in lower seismic forces. This is for several reasons, more notably for the

facts that the new provisions contains an incentive for performing state-of-the-art analyses, and
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that it has removed the conservatism associated with current AASHTO acceleration response

spectrum for long period systems.

Currently the NJDOT Design Manual contains an article that allows the use of the NCHRP 12-
49 provisions as an alternative [11]. Results of this study indicate that it is well justified to take
this one step further by making comparative designs based on both codes a part of project scope.
In addition to the potential for significant cost savings availability of such information can shed

more light on advantages and shortcomings of the proposed new provisions.

Another objective of this study was to develop resources to conduct training workshops on the
application of the new guidelines since it is a more advanced and complicated document than
existing Division I-A provisions. A seminar entitled “Seismic Performance and Design of
Highway Bridges: Past, Present, and Future (and Implications for NJ),” was conducted on May
17,2004 at the NJDOT headquarters. Over eighty consultants and staff engineers attended this
seminar. NJIT will continue to work with the NJDOT to plan additional workshops and courses
on the more specific aspects of designs using these provisions and recent developments.
However, such efforts should consider the fact that T-3 Technical Committee for Seismic Design
of AASHTO Subcommittee on Bridges and Structures is considering the possibility of major
revisions to the provisions before its adoption. An important revision considered is to reduce the
seismic hazard (by lowering the return period). Such a move can have significant adverse effect
on seismic vulnerability of bridges in the state and should be avoided. Perhaps a more
appropriate direction to take is to provide the resources to create the knowledge base to gain
more confidence in site-specific analysis, thereby, relaxing the limit on the results of such

analysis.

A major shortcoming of both the existing and proposed new seismic provisions for highway
bridges is the lack of explicit consideration to the effect of the vertical component of earthquake
ground motion on the seismic response of bridges. Thrust of seismic considerations and
guidelines for highway bridges so far has been mostly substructure (more specifically columns)
and horizontal motions [12]. Consideration to vertical motion can have great dual benefits vis-a-
vis blast loads and bridge security, which can also cause reversed loading. Furthermore,
consideration to deck detailing and response become equally important under extreme event
loads, if not more important due to larger areas and shape of the decks vis-a-vis compressive
pressure blast waves. Thus, additional research work on this subject should be seriously
considered since it will greatly enhance bridge security while decreasing seismic vulnerability.
To this end, possible research topics for immediate consideration are the effects of blast and
vertical seismic loads on pre-tensioned and post-tensioned bridges, and simulations on

shape/design optimization to lessen the adverse effects of compressive stress waves and upward
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motion. Prestressing profiles are gravity based and inadequate. Simple consideration to detailing
under reversed loads can have significant safety and seismic implications. Analytical simulations
can also be used to develop simple design tools. In addition to flexural strength, shear capacity
and development of reliable load path under reversed loading are important issues that require a
comprehensive experimental and analytical study. For example, the author is of the opinion that
superstructure shear under reversed loading was indeed the cause of a bridge collapse during the
Northridge earthquake [13]. Use of CFRP for strengthening and work on recovery measures
(such as development of deployable/movable bridges) are further topics, related to existing
bridges, which should be explored. A pilot study sponsored by NJDOT has demonstrated the
effectiveness of CFRP composites to enhance serviceability performance of continuity

connections [14] while increasing structural efficiency.

Another area that can benefit from additional research is soil-structure interaction. A major
change under NCHRP 12-49 as a result of recent developments is new soil factors, which can
have significant impact on the level of seismic design forces. However, although spectral values
are high for short-period systems on soft soil, systems on soft soil normally have long periods
when soil-structure interaction is modeled using boundary springs. In general, and regardless of
soil class, the long-period spectral values are much smaller under the proposed new provisions.
A parameter study to more accurately quantify this interdependency is timely and can shed more

lights on the exact impact of the proposed new provisions on the level of seismic forces.
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TABLES

Table 1.

Values of F, as a Function of Site Class and Mapped Short-Period

Spectral Acceleration [2]

Site Class Mapped Spectral Rasponsa Acceleration at Short Periods
5<025Q 5=0500g 5 =075 5 =1.00Q 5>125Q
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 25 1.7 1.2 04 0.4
F i i i a a

MNOTE: Use straight line inte rpolation for intermediate values of 5, where 5, is the spactral acceleration
at 0.2 saconds obtained from the ground motion maps.

& Site-specific gectachnical investigation and dynamic site responsa analyses shall be performed
(Article 3.4.3). Forthe purpose of defining Seismic Hazard Levels in Article 2.7 Type E values may
b ugsed for Type F soils.

Table 2. Values of F, as a Function of Site Class and Mapped 1 Second Period

Spectral Acceleration [2]

Site Class Mapped Spectral Response Acceleration at 1 Second Periods
5=014 S=0249 5=039 5,=04¢9 52059
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
G 17 16 15 1.4 1.3
D 24 20 1.8 1.6 1.5
E 3.5 3.2 2.8 24 24
F a a a a a

NOTE: Use straight line intarpolation for intermediate values of 5, whare 5, is the spectral acceleration
at 1.0 sacond obtained from the ground mation maps.

d Site-specific gectechnical investigation and dynamic site responsa analyses shall be performed
iArticle 3.4.3). Forthe purpose of defining Seismic Hazard Levels in Article 3.7 Type E values may
be used for Type F sails,
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Table 3 Low Period Spectral Accelerations and Corresponding Ratios for Class B and E

NCHRP 12-49 Division I-A Ratios: NCHRP / I-A
Low Period

County Ss Fa: Class E A Cap Class B Class E
Bergen 0.425 1.94 0.18 2.5 1.01 1.83
Monmouth 0.381 2.08 0.15 2.5 0.94 2.11
Cape May 0.183 2.50 0.10 2.5 0.73 1.83
Sussex 0.350 2.18 0.18 2.5 0.78 1.69
Somerset 0.390 2.05 0.18 2.5 0.86 1.78
Salem 0.322 2.27 0.10 2.5 1.28 2.92
Burlington 0.320 2.25 0.15 2.5 0.87 1.96
Atlantic 0.250 2.50 0.10 2.5 1.0 2.50
Camden 0.327 2.25 0.15 2.5 0.87 1.96
Cumberland 0.269 2.44 0.10 2.5 1.07 2.62

NOTE: Class B ratios are determined by dividing S;by 2.5A (Division I-A has 2.5 cap regardless
of soil type). Class E ratios are equal to F, S/ 2.5A. Highest ratio is for Salem County (zip code

08067). It should be emphasized that spectral values by themselves do not determine seismic

forces.

Table 4. Base Response Modification Factors, Rg, for Substructures — NCHRP 12-49 |2]

Performance Objective
Substructure Element Life Safety Operational
SDAP | SDAP | SDAF | SDAP
D E D E

‘Wall Piers — larger dimmensicn 2 3 1 1.5
Columns — Single and Multiple 4 5] 1.5 2.5
~ile Bants and Crilled Shafis — 4 s 1.5 25
Vertical Piles — above ground
Pile Bents and Drilled Shafis — Verizal Files — 2 diameters 1 1.5 1 1
below ground level-Mo owners agproval required.
Pile Bents and Crilled Shafis — Verical Piles — in ground - A 25 MVA 1.5
Cheimnars appraval reguired.
Zile Bents with Batter Piles A 2 MiA 1.5
Selsmically lsolated Struciures 1.5 1.5 1 1.5
Stesl Braced Frame — Ductile Components 3 4.5 1 1.5
Sieel Braced frame — Maminally Duclile Comaponents 1.5 2 1 1
All Elements for expected Earthguake 1.3 1.3 0.8 J.8
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Table 5. Response Modification Factors for Substructures — Division I-A [5]

Importance Category

Substructure
HPSITHERE Critical Essential Other

Wall-type piers - larger
dimension 1.5 1.5 2.0
Reinforced concrete pile
bents )5 2.0 3.0
@ Vertical piles only 1.5 1.5 2.0
@ \With batter piles
Single columns 1.5 2.0 3.0
Steel or composite steel
and concrete pile bents
e \/ertical pile only 1.5 3.5 5.0
e \\ith batter piles 1.5 2.0 3.0
Multiple column bents 1.5 3.5 5.0

Table 6. Surface Stiffnesses for Rigid Plate on a Semi-Infinite Homogeneous Elastic Half-Space

Stiffness Parameter Rigid Plate Stiffness at Surface, Ki'

Wertical Translation, Kz’ oL 075

S [n.?3+1.54( B ]

1— L)
Harizontal Transkation, K’ GL B &S
(toward long side) Ty [g +125 (I) ]
Horizontal Translation, Ky' GL .85 GL B

- 2+25(ﬂ) }— {:_1[ -=

{toward short side) 7y [ I 075 — v I
Ritation, Kgy' = o (L L0 3 B
{about x axis) i Iy [EJ [.-A+IJ§IJ
Raotation, K{ﬁ.-' K Lo [ L s
{about y axis) l-v T 1

1. See Figure 8.4.2 1-1** for dafinitions of terms
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Figure 1. Rock Design Spectra based on Existing and Proposed New Seismic Codes (Newark, NJ)

1
\ \

===12-49 (MCE): Class A

0.8 =12-49 (MCE): Class E L]

A\
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=== Division I-A: Type |

== Division I-A: Type IV

Sa (9)

\‘

0 0.5 1 15 2 2.5 3 3.5 4
PERIOD T

Figure 2. Design Spectra for the Range of Site Condition (Newark, NJ)
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Figure 3. Contour Map of Short-Period Spectral Acceleration for 2% PE in 50 Yr and
Counties in the State of NJ.
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a) Somerset County: US Rt. 206 over Raritan River
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===12-49:10% in 50 Yr (Class D)
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== Current Code (Type II)
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AN

0.1

o
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¢) Cape May County: Ocean Drive over Middle Thorofare

35 4

0.8
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0.6

0.5

0.4

Sa (9)

0.3

0.2 |

0.1

0.8

0.7

0.6

0.5

0.4

Sa (9)

03 |
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0.1 |

=12-49: 2%in 50 Yr (Class D) —
==12-49:10% in 50 Yr (Class D)
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b) Bergen County: Union Avenue over Passaic River
\ =12-49: 2% in 50 Yr (Class E) —
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d) Monmouth County: NJ Rt. 35 over Navesink River

Figure 4. Design Spectra based on Existing and Proposed New Seismic Codes
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a) Sussex County: Class D and Type 11
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0.5 \

Sa (9)

0.3

|
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S

\
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\

PERIOD T

b) Sussex County: Class E and Type IV

Figure 5. Design Spectra based on Existing and Proposed New Seismic Codes: Sussex County
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DESIGN FORCE / WEIGHT

DESIGN FORCE / WEIGHT
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=—12-49: MCE, Class B
02 =—Division I-A: Typel | |
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0.1
0.05 |
0 —_— |
0 05 1 15 2 25 3 35 4
PERIOD T
a) Multi-column bent
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=12-49: MCE, Class B
0.2 \ . —
=== Division I-A: Type |
0.15
01 |
0.05 |
0 —————
0 05 1 15 2 25 3 35 4

PERIOD T

b) Single column bent

Figure 6. Seismic Force Spectra: Rock site, Newark, NJ
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DESIGN FORCE / WEIéHT

0.35

03

0.25

0.2

0.15 |

01

0.05

0.35

0.3

0.25

0.2

0.15 |

01}

0.05 |

=—12-49: MCE, Class E

= Division |-A: Type IV

N —

\

05 1 15 2 25

PERIOD T

a) Multi-column bent

==12-49: MCE, Class E

= Division I-A: Type IV

S~

0.5

1 15 2 25
PERIOD T

b) Single column bent

Figure 7. Seismic Force Spectra: Soft soil site, Newark, NJ
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0.25

0.20

, ATC — 6 (Soil type It)
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S, ARS Design Spectrum (1989)3
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. S— S
—
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0.096

S Caltrans (1943, 1954)

-~

Caltrans (1965)

o

Perlod (seconds)

Figure 8. CalTrans strength design spectra (43, 54, 65, 89) and ATC strength design spectrum
(81) for multi column bents on soft soil sites [15]

A =—12-49: SDAP D
0.3 =12-49: SDAP E

= 12-49: SDAP E and 30% reduction
Range of Relevant Periods === Division |-A: Single column

=== Division I-A: Multi-column
0.2 \
0.1 \
\ -

DESIGN FORCE / WEIGHT

O " -
0 0.5 1 15 2 2.5 3 3.5 4
PERIOD T

Figure 9. Seismic force spectra: Medium soil (Class C/Type II), Newark, NJ
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DESIGN FORCE / WEIGHT

[ [ [
==2/3 of MCE: SDAP D (Class C)
== 2/3 of MCE: SDAP E (Class C)
03 = 2/3 of MCE: SDAP E and 30% reduction (Class C) |
=== Division I-A: Single column (Type II)
Range of Relevant Periods ===Division I-A: Multi-column (Type II)
0.2

\\
sh
0 0.5 1 15 2 2.5 3 3.5 4
PERIOD T

Figure 10. Seismic force spectra: Lower return period vs. Division I-A
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APPENDIX I

In this appendix it is shown how USGS online resources and/or CD-ROM can be used to
construct NCHRP 12-49 design response spectrum for a site in Newark NJ (Zip code: 07102).

Step 1: Select “Hazard by Zip Code” from the site http://eqhazmaps.usgs.gov/ and enter 07102

=} USGS National Seismic Hazard Mapping Project - Home P. |5 x|
File  Edit Wiew Favorites Tools  Help | ’F
@Back - @ 7. |ﬂ @ _;j | /_l Search ‘-\:::\J Favarites @Media €‘j‘ 2 7 @ x: _'l B J% @

Address I@_‘] http:f/eqhazmaps. usgs.gav) j Go ‘ Links ** -
Y_’ &-l Search Web |- - | = mal = @My Yahoo! Games - WP Yahoo! ~ NP Personals - b LAUNCH - |SignIn (-

ZUSGS

Earthquake Hazards Program

Hazards & Preparedness

HOME | ABOUT US | EQ GLOSSARY | FOR TEACHERS | PRODUCTS & SERYICES | DID YOU FEEL IT? | FAQ | SEARCH

National Tlas website has moved! Please change yvour bookmarks to the new URL
Seismic Hazard http://eqhaznaps.usgs. gov
Mapping
Project This project produces US national maps showing earthquake ground motions that have a specified probability of being exceeded

in 50 years. These ground motion values are used for reference in construction design for earthquake resistance. The ground
motion values can also be used to assess relative hazard between sites, when making economic and safety decisions. Be sure to
Hazard Mapping consult the Frequently Asked Questions (FAQ) page for further related information, definitions and applications.

pioglesads SEISMIC HAZARD DESIGN MAPS

Frequently Asked

Questions (FAQ) Conterminous US, Gridded Values, 1998, 2003 NEHRPF maps, 1997, 2000

Hazard by Zip Code, 1996 6 IBC maps, 2000, 2003 ||
* Hazard by Lat/Lon, 1996 2002 IRC maps, 2000, 2003
o Deaggregations, 1996 Design Yalues, 1997
Interactive Deagaregation, 1996, 2002
F;at“fed HAZARD MAES Uncertzinties, 1996 PROJECT INFO
ages

Published Maps, 1996

Conterminous US, 1996 2002 Info for_'fhg%a FriA
ik yITIEN
. CahfomlafNevada 1996 Current Earthquake Info
Interactive Maps, Western US, M What's Mew
1996 CentralEastern US, 1996, 2002 Home Pade Graphics
1396 nome Pade Lrapnics
) Personnel
Conterminous Hawail, 2000 Mailing List
US. Gridded Data Alaska, 199
Yialina Puerto Rico & U 5. Virgin Lol AEMED AL
é'lhttp:,l’;’www.usgs.gowl !*I*I*\c Internet j@ =
Eﬁstartl ¥ ¥ahoo! Messenger | @ UISGS Mational Seismic H. .. | <€ 2&& S:41 PM |

{These ground motion values are calculated for ‘f;;rn rock’ sites which correspond to a shear-wiave velocity of 760 misec. in i
Interactive Maps the top 30m. Different soil sites may amplify or de-amplify these values.)

1298 + The original zip code file wias a freebee download from the Census Bureau, dated approximately January 1996, and
Gridded Data thus may not reflect the most recent Zip Codes ip use today ) ) _

Valigs » |t has been determined that the latitude and longitude associated with each zip code is the average of the narthern
modified Oct 29 and southern most latitudes and the average of the sastern and western most longitudes of the zip code area. This
2003 location is not necessarily the Post Office location nor the centroid of the zip code area.

« Inthis look-up program sach zip code [ocation is associated with the nearest point on a grid of points /10 of a
degree apart on which earthquake ground motions have been calculated covering the 48 adjacent states

Quaternary Fault

and Fold To find the ground motion values enter a 5 digit Zip code in sach of the blank boxes in the following table. Use the TAB key

Database. 2003 1o o to the next tabls slerment. You may request frorm 1to 12 Zip Codes

NO EXTENSIONS
MO ALPHA CHARACTERS

NO DECIMAL NUMBERS

Enter Zip Code |D71DZ Enter Zip Code | Enter Zip Code |

Enter Zip Code | Enter Zip Code | Enter Zip Code |
‘Enteer Code: |Enter Zip Code ‘Enteer Code: e
‘Enteer Code: |Enter Zip Code ‘Enteer Code:

Submit Query

Z] Dene [T [ ttemet

Figure I.1 Snap shots of USGS online site.
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Step 2: Record short-period and long-period spectral values for various return periods, as shown.

This is for soil class B (rock).

‘3 Ziprode Lookup Dutput! - Microsoft Internet Explorer

i)

File  Edit | Wiew,  Faworites Tools  Help

@Bakﬁv .\_) - \ﬂ @ _-_}] ‘ /;__]Search “f:\'{ Favorites @Media e}

fddress |§§j http:)feghazmaps. usgs. oy cai-bing zipcode, cai

Y_’ é?vl Search Web Ivl%v | (=] Mail = @My Yahoo! @Games - ¥PvVshoo! - &

o B - ¥

& -

ZUSES

Earthquake Hazards Program

The input =zip-code is 07102.

ZIF CODE 7102

LOCATICH 40.7350 Lat. -74.1746 Long.
DISTANCE TO NEAREST GRID POINT 4.45366 Kuos

NEAREZT GRID FOINT 40.7 Lat. -74.Z Long.

Probabilistic ground motion walues, in %g, at the Nearest Grid point are:
10%PE in 50 wr E%XPE in 50 wr 2%PE in 50 wr

PG G.268Z148 11.654430 23.8Z8040
Dot ree s Ao 1z.533730 22.870811 42 .047531
0.3 =sec 34 9.340319 16.477550 30.549450
1.0 sec 54 2.83773:2 5.070332 9.3458460:2

The mput zp-code i3 .
Zip code 12 zero and we go to the end and stop.

FEOJECT INFO: Home Page
SEISMIC HAZARD: Hagard by Zip Code

Figure 1.2 PGAs and spectral values for rock site and different return periods.

MCE (2%-50 Yr): Ss = 0.42g and S1 =0.093
10%-50 Yr: Ss = 0.125 and S1 =0.028
ExpE (50%-75 Yr) using interpolation: Ss = 0.0292 and S = 0.0078

Note PGAs and compare to 0.18g for Essex county based on I-A.
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Step 3: Determine site coefficients using Tables 1 and 2.

Class E: F, =[(0.5-0.42)/(0.5-0.25)](2.5-1.7) + 1.7 = 1.96 for MCE event
F.=25 for ExpE and 10% in 50-Yr
F,=3.5 for all events

Class C: F, = 1.2 for all events

F,= 1.7 for all events

Step 4: Determine spectral value for the soil class in question and construct the spectrum using

two-point as shown.

For Class E: Sps = 1.96 * 0.42 = 0.82 compare to
Division I-A maximum of Cs =2.5 * 0.18 = 0.45¢g

Sp; =3.5 *0.093 = 0.325g compare to
Division I-A Cr=; = 1.2 (0.18) 2 / (1)** = 0.432g.

Note: 0.4 * Sps=0.328g; Ts =0.325/0.82 = 0.4 sec; To=0.2 * 0.4 =0.08 sec; and For T > TS,
=0.325¢/T

0.40Sp,—

Response Spectral Acceleration, Sa

Period, T (seconds)

Figure 1.3 Design response spectrum, construction using two-point method [1]
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Figure 1.4 Design response spectrum based on values discussed and compared to Division I-A
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APPENDIX II

The following pages contain a simplified example demonstrating application of SDAP C. This
example was presented during a seminar organized and conducted by the author at NJDOT
headquarters in Trenton. About 80 engineers and consultants attended the seminar entitled:
Seismic Performance and Design of Highway Bridges: Past, Present, and Future (and
Implications for NJ).

The bridge used is that of FHWA Design Example 2 [16].
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SDAP C
Example:
Plan &
Elevation

Similar to FHWA design
example 2",

3-Span continuous & skewed.
Steel girder.

Four column bent and wall
type.

Seat abutment.

Footing foundation.

lIi BRG ABUT A

i

124°-0"

T

W N
A
Y I N
4
\hafy
Y W
- —
\ 1
\

<) - o m
o : Y é'
< a o qi
3 s “ 2
| | | a
- | = S

FILL LINE

iy

ROCK LEDGE LINE

ELEVATION

{LOOKING PARALLEL TO SKEW)

* Mast, et al., Seismic Design of Bridges Design Example No. 2, Publication No. FHWA-SA-97-007
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SDAP C Example: Pier Elevation

i Tt

?L o i 4 pier
COLUMN COLUMN T COLUMN T COLUMN |/_ §-0"
20'=0" T 20‘_Lo' 20'-0" | -+
: [ ' |

s —— e i
| [ I | | I | | 'cI:
in
i .
w0
J ‘ \—w COLUMN DOUBLE=WALL
] COFFERDAM
NORMAL ‘ NORMAL 5
WATER WATER 1
LINE LINE T
- hd X i

‘ ’ ‘ J I ROCK LEDGE
16'-0° Lne
1 35"-0" . 1 2'-0"(TYe)
PIER ELEVATION (3N ELEVATION
(LOOKING NORMAL TO C |PIER) \_/
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SDAP C: Regularity Requirements

m Bridge has 3 span, less than the max of 6 and
equal to minimum of 3.

m Sliding bearing at abutments do not resist much
seismic forces in either directions.

m Maximum span of 152’ < 200’ maximum.
= Span length ration 1.22 < 1.5 maximum

= Skew angle 25 < 30 the maximum and piers are
parallel.
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SDAP C: Regularity Requirements

m Bridge is not horizontally curved.

= Bent stiffnesses are equal (ratio of 2 is max).
= Bent strengths are equal (ratio of 1.5 is max).
m There is no potential for liquefaction.

m P<0.2f A,

= p>0.008

m D =300 mm (12 inches).
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SUBJECT:

CALCULATED BY: M. Ala Saadeghvaziri

SDAP C

DATE: May 2004
FOR: Workshop

W

super

5—¢l p::

INTERACTION DIAGRAM:

= 5540 kips

1 %

M n = 4500 ftk
H - 36 ft Pier Height
E o = 3630 ksi
I‘c1~ - 0.5°Ig
2

M H~H
Mo

3 E C I Cr
13- . =0312 #t

P - 705 kips

Ig = 30.8 fi4
I‘c1~ =154 ftt
&y = 0.24 ft

Axial Load per Column

Based on: A= —

3 EI
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SUBJECT: SDAP C

CALCULATED BY: M. Ala Saadeghvaziri

DATE: May 2004
FOR: Workshop

LATERAL STRENGTH:

M
v. _ "
H
Vn.: 8V
VIl
Cc .
Wsuper

NEWARK ({NJIT) SITE:

ExpE Sq =

USE CLASS E

0.0078

V =125
V. =1.10°

n

C . =018

F. =17

Kips per Column

Kips , 2 Bent and 4 Columns per Bent

For Class C

For Class E
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SUBJECT: SDAP C DATE: May 2004
CALCULATED BY: M. Ala Saadeghvaziri FOR: Workshop

C C~(1.3 ﬂ.y) = 0.056

2

F V‘S 1
_5
_ = 1.888-10 ft S0, Column OK for Frequent Earthquake

2T

MCE EARTHQUAKE:

o — 0.118 '(ZS:"T;)E*g A nax = 0.18 ft required
DEFORMATION CAPACITY:
USE CONSERVATIVE DEFAULT VALUEFOR @ p = 0.035
&ma}((GP'H =126 OK
A max < 0-23 -C & ‘H =162t OK P-A, Required Only For MCE
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APPENDIX III

The following pages contain a simplified example demonstrating pushover analysis. This
example was presented during a seminar organized and conducted by the author at NJDOT
headquarters in Trenton. About 80 engineers and consultants attended the seminar entitled:
Seismic Performance and Design of Highway Bridges: Past, Present, and Future (and

Implications for NJ).
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SDAP E Example: Plan and Elevation

5-Span continuous & straight.
CIP Concrete box girder.
Two columns integral bent.

CIP concrete piles with steel
casing.

BRG ABUT A
lf‘ s00-0
' . b BENT 1 @ £ BENT 2 § BENT 3 ¢ BENT 4 @
100'-0" 100"-0" 100"-0" 100'-0" 100'-0"
=g [ [ b
‘_L | ¢! Ly by : e : | r—‘
odo i ]
| .
PLAN
L
g _‘ = . . 3
g = = = g
A B IR NS B

il
I T
EXP 323
2'-0" CP
CONC PILE R i,
W/STEEL T -
CASING, TYP =

ELEVATION

(LOOKING PARALLEL TO BENTS)

t BRG ABUT B|

t BRG PIER &
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SDAP E Example (Cont'd)

| -0 |
r-g"  s-et | ¥-8") -0 | |
Y =t |

(30'-0" PIER 4)

(45—0" PERS 3 & 5)

VARIES

A\

Node Gxx —/*

(Typ) *

k

krz

e

Q0°
{Typ)

() ,S:AI'E‘[(_:IION =~ INTERMEDIATE PIER
SUIESES Node 7xx ——

(Typ)

MNode 4xx :
(Typ) “rr
e NngTSXX L Node 2
T ) (Typ)

Full Translational
Restraint

Transiational Spring (U)

k X # Rotational Spring (R)
Z

Full Rotational
Restraint
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SDAP E Example (Cont'd)

SUBJECT: SDAP E DATE: May 2004
CALCULATED BY: M. Ala Saadeghvaziri FOR: Workshop

Weight superstructure
+ Column weight PpL =812 kips
+ Others
4-®, p=14%

Mn= 3250k —#— #L

PoL
Mechamsm
Single curvature Fpg/2* Height=1n
Rigid Deck
H=50" == Fgy=130 Kips FEQ
H

Ppp=130%50/23

=282 Kips T T

P
Awial Load Due to EQ EQ
P =812 - 4582
=530 Kips
Pr =812+ 282
= 1,094 Kips
I:'L TPR
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Moment-Curvature Plot

SUBJECT: SDAP E

DATE: May 2004

CALCULATED BY: M. Ala Saadeghvaziri FOR: Workshop

Moment

4000

3500 -

3000 -

2500 -

N

o

o

o
I

1500 +

1000 -

500 -

— P=530 Kips

— P=1094 Kips

600 800 1000 1200
Curvature (Rad/10° in)

RESPONSE 2000
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SDAP E Example (Cont'd)

(Ellavg = 360* 106 K - in?

Cloze to El based on [ oy .

First Plastic Hinge

Fi2*H=M, F —
F=121 Kips

Deflectionuse ( EI Jave,
A [=PL?/3El =My H/ 3 ( El Javg,

A=12in

SUBJECT: SDAP E DATE: May 2004

CALCULATED BY: M. Ala Saadeghvaziri FOR: Workshop

Mominal Moments Mp =3015 'K g =3490 'K
Eu=1115*10% rad/in Eu=630*10% rad/mn
Fy =150 * 106 radim Fy=50*% 109 rad/in
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SDAP E Example (Cont’d)

SUBJECT: SDAP E DATE: May 2004
CALCULATED BY: M. Ala Saadeghvaziri FOR: Workshop
Additional Moment AWM = My — M AF—
carned by Eight Column

AF= AM/H =(3,490—3,015)/ 50 = 9.5 Kips

Ay =0.5*%(50% 128/ 3(El)p=2 in

Final Force F= 130 Kips.

12-49 Plastic Ratation Capacity
Bp=011Lp/D" (Hg)-03 OR (ATC-12): 0p=Lp ((I)u—(Dy)
Me=3.5(T,) V3
22 Mg=10
Lp=008M/V+4400 e, &
=008 H+4400*% 0002 d

=008 (50 %12)+ 8.3 * &
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DAP E Example (Cont'd)

SUBJECT: SDAP E

DATE: May 2004

CALCULATED BY: M. Ala Saadeghvaziri FOR: Workshop

Cont'd 12— 49

CHECE

Thus, Op% = 0061 rad 0,% = 0035 rad

When 2 Plastic Hinge Forms:

O =8/ 12( 507 =.0033 rad.

@ Femaining  _ 5539 g po3s

=0054 > O,F

Continue until BpR 15 reached.

A3=(0.035) (50 * 12) =217

Aeapacity = TA=12+2+21=35" =38
Deflection is high because pinned have heen assumed.
Acapacity = 1.3 A

A = Ra Aglastic
From initial analysis using cracked properties.

Marginal Force
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Load - Deformation

DATE: May 2004

SUBJECT: SDAP E

FOR: Workshop

CALCULATED BY: M. Ala Saadeghvaziri

o o
[¢) ©

100 +

'sd peo

40

20 25 30
A inch

15

10

Acapacity
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