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Chapter 3 Geotechnical Design Considerations
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Abstract:



This chapter surveys the interactions between structural and geotechnical engineering in earthquake-resistant design. The effects of the local site conditions and geology are presented as applied in the Uniform Building Code and in the new International Building Code. Methods of characterizing the site conditions, as well as consideration of near-source effects, are discussed. This chapter also addresses the issues of soil liquefaction. Methods of analysis for soil liquefaction are presented, incorporating various techniques generally accepted by the profession. The consequences resulting from liquefaction, namely liquefactioninduced settlement, lateral spreading, and loss of bearing capacity, are presented as well as methods of estimating these effects. Various methods and strategies to mitigate the effects of soil liquefaction are presented as well as the merits of each. The latter part of the chapter discusses other geologic-seismic hazards, including seismic settlement, landsliding, tsunamis, and earthquake fault rupture. There is also a discussion of soil-structure interaction and design of walls below grade for seismic earth pressures.



125



126



Chapter 3



3. Geotechnical Design Considerations



3.1



INTRODUCTION



Structures come in different shapes, forms, and sizes. However, all structures have at least one feature in common; they all have a foundation. A foundation is the means by which the superstructure interfaces with the underlying soil or rock. Under static conditions, generally only the vertical loads of a structure need be transferred to the supporting soil or rock. In a seismic environment, the loads imposed on a foundation from a structure under seismic excitation can greatly exceed the static vertical loads or even produce uplift; in addition, there will be horizontal forces and possibly moments at the foundation level. Consideration must also be given to what could happen to the supporting soil or rock under seismic excitation. For example, an earthquake might cause the phenomenon of liquefaction to occur in loose sandy soils which would cause a virtually complete loss of all bearing capacity of the soil; needless to say, a structure founded on such soils would suffer great distress and upset. This chapter will attempt to identify those phenomena that would affect the design of foundations and structures in a seismic environment. Some of these phenomena can be effectively designed for by structural detailing, but some of these phenomena are beyond the magic and wizardry of the structural engineering profession and geotechnical wizardry may also be needed. In some instances, there may not be an economical engineering solution for the problem. This chapter will be different from other chapters in this handbook in the respect that not all of the solutions to the seismic problems will be an engineering solution. This just points out the limitations of the science and art we know as engineering. We as engineers must be able to recognize our limitations and shortcomings and realize that we cannot always be the white knight that is able to save the damsel in distress. If we can attain at least this little enlightenment, we will all be better engineers.



127 In a seismic environment, there may exist a potential for ground failures. It is obvious that if the ground should fail beneath a structure, the structure could be severely or totally damaged. Such an event would threaten real property and life safety. Several different ground failure mechanisms will be discussed in this chapter.



3.2



SITE AND SOIL CONDITIONS



Because a foundation must be capable of adequately supporting a structure in an economical manner, it is imperative that there be a proper geotechnical investigation. This geotechnical investigation should provide information about the soil types beneath the site and their physical characteristics (i.e., strength, compressibility, permeability, etc.). The investigation should also provide economical and feasible alternatives for the support of the structure. These recommendations should take into account the functionality and purpose of the structure. In a seismic environment, the geotechnical investigation would also need to evaluate the behavior of the supporting soils under earthquake excitation and determine or predict the impact and consequences upon the structure and the foundation types recommended. Not only is it important to investigate the soil conditions, the general site conditions also merit deep scrutiny. This investigation should include features near the building area and also distant features. Important nearby site features would include water levels, topographic features, and the presence of other structures both above and below ground. Offsite and even distant features could have some influence upon the proposed structure, especially in a seismically active area. For example, there could be large bodies of water retained by earth dams that could fail in an earthquake; if the structure is in the path of this potential inundation, the consequences could be very grave indeed.
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3.3



SITE EFFECTS



3.3.1



Effects of Soils on Earthquake Loads on Structures



It has become recognized that the local site conditions have a very important role on the response of structures. The soil and rock at a site have specific characteristics that can significantly amplify the incoming earthquake motions traveling from the earthquake source. The importance of local site conditions was recognized in the 1960s by the influence of ground motions on midheight buildings in the Caracas, Venezuela earthquake. For buildings of about the same height with similar construction, it was observed that such buildings founded on deep soils were more damaged than the similar buildings founded on rock. These observations were further confirmed with the 1985 Mexico City earthquake where ground motions in Mexico City, some several hundreds of kilometers from the fault rupture, were amplified in the deep soft lakebed deposits that underlie the city; these ground motions had a long period and affected many high-rise buildings adversely with some collapses. 3.3.2



Uniform Building Code Recognition



The Uniform Building Code (UBC) acknowledged the importance of local site effects and the concept of a “Soil Factor” was added to the lateral force design procedure in the 1976 edition of the UBC.(3-1) At that time, a Soil-Structure Resonance Factor, S, was part of the design base shear equation; the value of the “S-factor” was dependent upon the ratio of T/Ts, where T is the fundamental building period and Ts is the characteristic site period. The “S-factor” ranged from a minimum of 1.0



to a maximum of 1.5. This concept of the soil factor remained in the UBC up to the 1985 edition(3-2) and was removed in the 1988 edition. (3-3) In the 1985 edition, a second method of determining the Soil Factor was introduced. This method is not dependent on the ratio of T/Ts. Instead, the code defined three soil profile types, which essentially were rock, deep soil, and soft soil and the Soil Profile types were designated S1, S2, and S3, respectively. The values of the Soil Factor were 1.0, 1.2, and 1.5 for S1, S2, and S3, respectively. In response to the Mexico City earthquake, a fourth Soil Profile type, S4, was added in 1988 for very deep soft soils like those found in Mexico City and perhaps in some parts of the San Francisco Bay region; the S4 factor was equal to 2.0. Uniform Building Code, 1994 Edition The 1994 UBC(3-4) specifies the design base shear in a given direction to be:



V=



ZICW Rw



where C =



1.25 S T 2/3



I = Importance Factor Z = Seismic Zone Factor The value of C need not exceed 2.75 and may be used for any structure without regard to soil type or structure period. The value of the Seismic Zone Factor, Z, is given in Table 3-1: Table 3-1. — Seismic Zone Factor From Table 16-I of the 1994 UBC (Ref. 3-4) Zone 1 2A 2B 3 Z 0.075 0.15 0.20 0.30



4 0.40



The Site Coefficients, S, for the four soil types in the 1994 UBC are given in Table 3-2:



3. Geotechnical Design Considerations Table 3-2. — Site Coefficients, S From Table 16-J of the 1994 UBC (Ref. 3-4) TYPE
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DESCRIPTION



S FACTOR



S1



A soil profile with either: (a) A rock-like material characterized by a shear-wave velocity greater than 2,500 feet per second (762 m/s) or by other suitable means of classification, or (b) Medium-dense to dense or medium-stiff to stiff soil conditions, where soil depth is less than 200 feet (60,960 mm)



1.0



S2



A soil profile with predominantly medium-dense to dense or medium stiff to stiff soil conditions, where the soil depth exceeds 200 feet (60,960 mm)



1.2



S3



A soil profile containing more than 20 feet (6,096 mm) of soft to medium-stiff clay but not more than 40 feet (12,192 mm) of soft clay



1.5



S4



A soil profile containing more than 40 feet (12,192 mm) of soft clay characterized by a shear wave velocity less than 500 feet per second (152.4 m/s)



2.0



The site factor is to be established from properly substantiated geotechnical data. In locations where the soil properties are not known in sufficient detail to determine the soil type, soil profile S3 is to be used. Soil profile S4 need not be assumed unless the building official determines that soil profile S4 may be present at the site, or in the event that soil profile S4 is established by geotechnical data. Uniform Building Code, 1997 Edition The 1997 UBC(3-5) has some major changes from the earlier editions. The first major difference is that it is a strength-based code. From an earth science or geotechnical perspective, the 1997 UBC has tried to incorporate new understanding about ground motion amplification and attempts to account for near-source effects. The 1997 UBC contains a number of very significant changes affecting the seismic design of buildings. The code was developed by the Seismology Committee of the Structural Engineers Association of California (SEAOC) over a period of three years and is contained in Appendix C of the 1996 Recommended Lateral Force Requirements and Commentary, also known as the SEAOC Blue Book.(3-6) In addition to converting the code from a working stress to a strength basis, it was intended to advance the seismic provisions in several important areas. The Seismology Committee developed the proposal in coordination with a



parallel effort by the Building Seismic Safety Council (BSSC) for the 1997 NEHRP Provisions.(3-7) (NEHRP is an acronym for the National Earthquake Hazards Reduction Program.) The NEHRP Provisions serve as the source document for other United States model building codes (BOCA and Southern Building Code). Therefore, this change is seen not only as an important advancement in seismic design requirements, but as a critical step toward the cooperative development of a single national building code for the United States by the year 2000. The 1997 UBC code incorporates a number of important lessons from recent earthquakes and recent advances from other sources. In general it is intended to provide parity with previous requirements, except for longer period buildings in near-field locations and for structural systems with poor redundancy. 3.3.3



Overview of 1997 UBC



The following key concepts are contained in the 1997 UBC: 1. The adoption of ASCE-7 load factors for strength-based load combinations. In addition, working stress load combinations are maintained as an alternative. 2. The incorporation of a Redundancy/Reliability Factor (ρ), which is intended to encourage redundant lateral force resisting systems by penalizing non-
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3.



4.



5.



6.



7.



redundant ones through higher lateral force requirements. The incorporation of near-source factors (Na and Nv ) in Seismic Zone 4 which are intended to recognize the amplified ground motions which occur at close distances to the fault. The adoption of a new set of soil profile categories (from 1994 NEHRP) which are used in combination with Seismic Zone Factors (Z) and near-source factors, to provide site-dependent ground motion coefficients (Ca and Cv) defining ground motion response within the acceleration and velocity-controlled ranges of the spectrum. The design response spectrum differs from the spectrum in the 1994 and earlier UBC in two ways: the constant velocity portion is now defined by 1/T, as opposed to 1/T2/3, causing it to drop more rapidly in that range, and the plateau in the constant acceleration domain varies with Ca rather than being a constant value for all soil profiles. Substantial revisions to lateral force requirements for elements of structures, nonstructural components and equipment supported by structures. These provisions more accurately represent lateral forces on elements by recognizing varying diaphragm accelerations, component amplification, component response modification, and ground motion response. Similar changes are proposed for non-building structures. A simplified design base shear calculation permitted for one- and two-story dwellings, one to three-story light frame construction and other one- and two-story buildings as permitted. The R-factor has been adjusted to provide a strength level base shear. Earlier editions of the code change proposal submitted to the International Conference of Building Officials (ICBO) contained a twocomponent R-factor, with values for R0 and Rd representing overstrength and system ductility. However, it was found that the requirements for defining the plastic mechanism analysis required for the R0



Chapter 3 calculation could not be codified in simple language while guaranteeing accuracy, so the single R value was adopted. However, the two component R has been maintained in the SEAOC Blue Book version, essentially for its educational value. The Na and Nv factors represent the most significant difference between the 1997 UBC and the developing 1997 NEHRP Provisions, which will address near field effects through the use of spectral values maps which are being developed by BSSC based on new seismic risk maps developed by the United States Geological Survey (USGS). The maps represent a major research effort which was not completed (for design application) in time for use in the 1997 UBC code. An important concept in the 1997 UBC code is the use of elastic response parameters to define unreduced forces and displacements (R=1) for calculations involving drift and deformation compatibility and in dynamic analysis. In addition, the parameter EM has been introduced to represent the maximum earthquake force that can be developed in the structure for use in addressing non-ductile conditions, similar to the 3RW/8 parameter in the 1994 UBC. EM is used to define collector strength requirements. Near-Source Factors and Code Elastic Design Response Spectra The design base shear, as determined in the 1994 and earlier editions of the UBC, is a function of an assumed level of ground motion. In Seismic Zone 4, this level of ground motion has been taken as being an effective peak ground acceleration (EPA) of 0.4g. While no formal relationship exists between the EPA and the peak ground acceleration (PGA), it may be taken that the EPA is about two-thirds of the PGA. Strong motion measurements in recent large earthquakes, such as the 1994 Northridge and 1995 Kobe events, showed that ground motions are significantly greater near the earthquake source. These events had near-source ground
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Table 3-3. — Soil Profile Types, 1997 UBC From Table 16-J, 1997 UBC (Ref. 3-5) Soil Profile Type



Soil Profile Name/Generic Description



Average Shear Wave Velocity, vs, for upper 100 feet of soil profile, feet/second (m/s)



SA



Hard Rock



>5,000 (1,500)



SB



Rock



2,500 to 5,000 (760 to 1,500)



SC



Very Dense Soil and Soft Rock



1,200 to 2,500 (360 to 760)



SD



Stiff Soil



600 to 1,200 (180 to 360)



SE



Soft Soil



10 feet of peat and/or highly organic clay, where H = thickness of soil]. 3. Very high plasticity clays [H > 25 feet with Plasticity Index > 75]. 4. Very thick soft/medium stiff clays [H > 120 feet]. The closest distance to the seismic source is to be taken as the minimum distance between the site and the area described by the vertical projection of the source on the ground surface (i.e., surface projection of the fault plane). For dipping faults, the surface projection is to include those portions of the source within 10 km of the surface as illustrated in Figure 3-1. The definitions of the seismic source types are shown in Table 3-6. For seismic sources
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Table 3-5. Near-Source Factor for Short Periods, Na From Table 16-S, 1997 UBC (Ref. 3-5) Seismic Source



Closest Distance to Known Seismic Source ≤ 2 km



Type



≥ 10 km



5 km



A



1.5



1.2



1.0



B



1.3



1.0



1.0



C



1.0



1.0



1.0



Table 3-6. — Near-Source Factor for Long Periods, Nv From Table 16-T, 1997 UBC (Ref. 3-5) Seismic Source



Closest Distance to Known Seismic Source ≤ 2 km



Type



5 km



≥ 10 km



≥ 15 km



A



2.0



1.6



1.2



1.0



B



1.6



1.2



1.0



1.0



C



1.0



1.0



1.0



1.0



Table 3-4. — Seismic Source Type From Table 16-U, 1997 UBC (Ref. 3-5) Seismic Source Definition Seismic Source Type



Seismic Source Description



Maximum Moment Magnitude, M



Slip Rate, SR (mm/yr)



A



Faults that are capable of producing large magnitude events and which have a high rate of seismic activity.



M ≥ 7.0 and



SR ≥ 5



B



All faults other than Types A or C.



M ≥ 7.0 and M < 7.0 and M ≥ 6.5 and



SR< 5 SR > 2 SR < 2



C



Faults which are not capable of producing large magnitude earthquakes and which have a relatively low rate of seismic activity.



M < 6.5 and



SR ≤ 2



capable of larger earthquakes and having a higher seismicity or slip rate, the near-source factors are higher than for faults capable of lesser maximum earthquakes or with lower slip rates. Faults or seismic sources with lower maximum moment magnitude and low slip have N-factors with the value of unity (1.0).



Figure 3-1. Treatment of Dipping Faults
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Table 3-7. — Seismic Coefficient, Ca From Table 16-Q, 1997 UBC (Ref. 3-5) Seismic Zone Factor, Z Soil Profile Type



Z = 0.075



Z = 0.15



Z = 0.2



Z = 0.3



Z = 0.4



SA



0.06



0.12



0.16



0.24



0.32Na



SB



0.08



0.15



0.20



0.30



0.40Na



SC



0.09



0.18



0.24



0.33



0.40Na



SD



0.12



0.22



0.28



0.36



0.44Na



SE



0.19



0.30



0.34



0.36



0.36Na



Table 3-8. — Seismic Coefficient, Cv From Table 16-R, 1997 UBC (Ref. 3-5) Seismic Zone Factor, Z Soil Profile Type



Z = 0.075



Z = 0.15



Z = 0.2



Z = 0.3



Z = 0.4



SA



0.06



0.12



0.16



0.24



0.32Nv



SB



0.08



0.15



0.20



0.30



0.40Nv



SC



0.13



0.25



0.32



0.45



0.56Nv



SD



0.18



0.32



0.40



0.54



0.64Nv



SE



0.26



0.50



0.64



0.84



0.96Nv



The Seismic Coefficients, Ca and Cv, are shown in Tables 3-7 and 3-8. As mentioned earlier, the near-source factor is only applicable in Seismic Zone 4, and only the seismic coefficients for Zone 4 are dependent on the near-source factors. The International Conference of Building Officials has published a set of maps defining the near-source zones in the state of California and adjacent portions of Nevada.(3-8) The total design base shear, V, in a given direction is determined by the following equation:



V=



CV I W RT



where I = importance factor W = total seismic dead load R = numerical coefficient representative of ductility and overstrength T = fundamental period of vibration, in seconds This formula defines the long period or constant velocity range.



For short periods (i.e., T < Cv / 2.5Ca), the following equation defines the constant acceleration range:



V=



2.5 C a I W R



In addition, for Seismic Zone 4, the total base shear is also governed by a minimum “floor” value at longer periods by the following equation:



V=



0.8ZN V I W R



The elastic design response spectra, as defined by Ca and Cv, is shown in Figure 3-2. Figure 3-3 shows a comparison of the basic elastic design response spectra for UBC Seismic Zones 1, 2A, 2B, 3 and 4 for Soil Profile Type SD; this profile type is probably the most common soil profile in most of California. For this comparison, the near-source factors have both been assumed to have a value of unity (1.0). The floor caused by the special Zone 4 restriction is misleading
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Chapter 3 Figure 3-4 shows a comparison of the elastic response spectra for the five stable soil profile types (SA through SE) for only Zone 4 assuming both near-source factors to be equal to unity (1.0). It is unlikely that Soil Profile Type SA would exist in any significant metropolitan area in California. It should be noted that the spectral accelerations are larger at longer periods as the soil profile types become softer. The “floor” minimum spectral acceleration is the same regardless of soil profile type.



Figure 3-2. 1997 UBC Design Response Spectra. From Figure 16-3, 1997 UBC (Ref. 3-5)



Figure 3-4. Response Spectra, Uniform Building Code 1997 Edition, Zone 4, Na = Nv = 1.0 [After Lew and Bonneville (Ref. 3-9)]



Figure 3-3. Response Spectra, UBC 1997 Edition, Soil Profile Type SD



as the base shear computed from the design response spectrum will be greatly reduced when the “R” factor is divided through. There is another long period minimum “floor” value (that is not reduced by “R”) that applies to all seismic zones that the total base shear should not be less than the following: V = 0.11 Ca I W With this additional minimum “floor,” the differences in the base shear for longer periods between Zone 4 and the lesser zones at the longer structural periods are somewhat reduced.



Figure 3-5 compares the elastic response spectra in Zone 4 for a Soil Profile Type SD for distances from a site to a Seismic Source A, the most active faults. The elastic response spectra for distances of less than 2, 5, 10, and 15 km are shown; at a distance of 15 km or greater, both Na and Nv are equal to unity (1.0). Sites near a Seismic Source A will be subject to design base shears significantly greater than presently prescribed in the 1994 UBC. Similar plots of the elastic design response spectra for soil profile SD near a Seismic Source Type B for distances of less than 2, 5, and 10 km are shown in Figure 3-6. The California State Geologist has prepared near-source maps for the State of California for implementation with the adoption of the 1997 UBC. Near-source effects are only considered
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Table 3-9. — Additional Definitions for Soil Profiles SC through SE (Ref. 3-5) Soil Profile Average Standard Average Undrained Shear Strength Type Penetration Blow Count (pounds per square ft)



Average Undrained Shear Strength (kPA)



SC



>50



SD



15 to 50



1,000 to 2,000



50 to 100



10 feet of soft clay with PI > 20, wmc > 40%, and su < 500 psf



>3048 mm of soft clay with PI > 20, wmc > 40%, and su < 500 psf



SE



>2,000



Figure 3-5. Response Spectra, Uniform Building Code 1997 Edition Zone 4, Seismic Source A, and Soil Profile Type SD [After Lew and Bonneville (Ref. 3-9)]



>100



Site Categorization Procedure As mentioned in the previous section, there are six soil profile types of the 1997 UBC as given in Table 3-3. Only an abbreviated definition in terms of shear wave velocity for the soil profile types was given. The additional 1997 UBC definitions for soil profiles SC through SE are given below in Table 3-9. When the soil properties are not known in sufficient detail to determine the soil profile type, the Code specifies that Type SD be used. Soil Profile Type SE need not be assumed unless the local building official determines that Soil Profile Type SE may be present at the site or in the event that Type SE is established by geotechnical data. Determination of the Average Shear Wave Velocity This assumes that the shear wave velocity profile will be known for the upper 100 feet (30.48 m). The average shear wave velocity, vs, is determined by the following formula: n



vs =



∑d i =1 n



di



∑v i =1



i



si



where: Figure 3-6. Response Spectra, Uniform Building Code 1997 Edition Zone 4, Seismic Source B, and Soil Profile Type SD [After Lew and Bonneville (Ref. 3-9)]



in Zone 4, thus, only parts of California, Hawaii and Alaska are affected in the United States.



di = thickness of Layer i in feet (or meters) vsi = shear wave velocity in Layer i in feet/second (meters/second) Determination of the Average Standard Penetration Resistance The 1997 UBC defines the average field standard penetration resistance, N, and the
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average standard penetration resistance for cohesionless soil layers, NCH, by the following formulae: n



_



N=



∑d i =1 n



i



di



∑N i =1



_



N CH =



i



di di ∑ i =1 N i n



where: di ds



Ni



= thickness of Layer i in feet (or millimeters) = the total thickness of cohesionless soil layers in the top 100 feet (30,480 millimeters) = the standard penetration resistance of soil layer in accordance with approved nationally recognized standards



Determination of Average Undrained Shear Strength. The average undrained shear strength, Su, is to be determined by the following equation: _



Su =



dc di ∑ i =1 S ui n



Sui



= the total thickness (100 – ds) of cohesive soil layers in the top 100 feet (30,480 millimeters) = the undrained shear strength in accordance with approved nationally recognized standards, not to exceed 5,000 psf (250 kPa)



Site Profile Examples–1994 UBC



Example 1 The soil profile at a site of a proposed hospital has been described as being interlayered beds of medium dense to dense sands and medium stiff to stiff clays. The thickness of the interlayered beds is 250 feet, at which depth, bedrock with a shear wave velocity of 2,500 feet/second is encountered. Determine the appropriate S Factor in accordance with the 1994 UBC. Solution: Per Table 3-2 (Table 16-J, 1994 UBC), the profile type is S2, corresponding to an S Factor of 1.2. Example 2 The soil profile is similar to that described in Example 1, except that the bedrock is shallower, at a depth of 127 feet. Determine the appropriate S Factor in accordance with the 1994 UBC. Solution: Per Table 3-2, Profile Type S1, S=1.0. Example 3 A site on reclaimed land near a river is being developed for a major commercial center. The geotechnical investigation, including a downhole seismic survey, revealed the typical shear wave velocity profile in the upper 200 feet to be: Depth (feet)



where: dc



3.3.4



Soil Description



Shear Wave Velocity (ft/sec)



0–15



Fill, silty sand



600



15–25



Highly plastic soft clay



300



25–50



Plastic, soft clay



450



50–75



Medium stiff clay



750



75–100



Medium stiff clay



1,000



100–150



Stiff clay



1,400



150–200



Dense sand and gravel



1,650



Determine the appropriate S Factor in accordance with the 1994 UBC.
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Solution: From 15 to 50 feet, there are 35 feet of soft clays having a shear wave velocity of less than 500 feet per second; based on the description, profile is type S3, with S=1.5. Example 4 A site on San Francisco Bay is being considered for a major high-rise building. The geotechnical investigation has established the typical soil profile at the site to be:



Depth (feet)



Soil Description



Shear Wave Velocity (ft/sec)



0–10



Compacted fill, sandy clay



650



Solution: Based on the clay layer with a PI > 75 and H > 25 ft, this profile type is SF, requiring site-specific evaluation. Example 2 A site is underlain by bedrock having a measured shear wave velocity of 1,800 m/s in the upper 30 m (100 ft). Determine the appropriate soil profile type. Solution: Soil profile type is SA, since vS > 1,500 m/sec. Example 3 A soil profile has the following description from the boring logs:



10–60



Young bay mud, soft



350



60–100



Older bay mud, medium stiff



1,000



Depth (feet)



100– 150



0–20



Sand



10



Older bay mud, stiff



1,400



20–40



Sand



12



>150



Franciscan Formation bedrock



2,000



40–60



Sand



15



60–100



Sand



18



Determine the appropriate S Factor in accordance with the 1994 UBC. Solution: Profile contains more than 40 feet of soft clay with shear wave velocity of less than 500 ft/sec; therefore, site profile is type S4, and S=2.0. 3.3.5



Site Profile Examples–1997 UBC



Example 1 The soil profile at a site of an industrial facility has been investigated and the typical soil profile in the 100 feet has been determined to be: Depth (feet)



Soil Description



Shear Wave Velocity



0–30



Clay



-



Soil Type



N-value



Determine the appropriate soil profile type. Solution: Determine N , the average field standard penetration resistance n



∑d



20'+20'+20'+40' 20' 20' 20' 40' di + + + ∑ 10 12 15 18 i =1 N i _ 100 100 = = 13.9 N= 2.0 + 1.67 + 1.33 + 2.22 7.22 Since N is < 15, soil profile type is SE. _



N=



i



i =1 n



=



Example 4 Given a soil profile: “N”



PI Depth (feet)



Soil Type



N-value



-



80



0–10



Sand



25



10–30



Sand



40



30–75



Sand



60



75–100



Sand



70



30–50



Silty Sand



-



35



-



50–100



Sand and Gravel



-



50



-



Determine the appropriate soil profile type.
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Determine the appropriate soil profile type.



3.3.6



Near-Source Factor Examples– 1997 UBC



Solution: n



∑d



10'+20'+45'+25' 10 ' 20' 45' 25' di + + + ∑ 25 40 60 70 i =1 N i _ 100 100 = = 49.8 N= 0.40 + 0.50 + 0.75 + 0.36 2.01 _



N=



i =1 n



i



=



Since 15 ≤ N ≤ 50, soil profile type is SD. Example 5 The soil profile at a site has been determined to be: Depth (feet)



Soil Type



Nvalue



Average Undrained Shear Strength (kPa)



0–10



Fill, dense sand



50



–



10–20



Clay



–



75



20–50



Clay



–



100



50–60



Clay



–



120



60–100



Clay



–



160



Determine the appropriate soil type. Solution: Ignore the upper 10 feet of the profile, consider just the clays.



dc 100 − d s = n di di ∑ ∑ i =1 s ui i =1 s ui 100'−10' = 10' 30' 10' 40' + + + 75 kPa 100 kPa 120 kPa 160 kPa 90 90 = = 0.13 + 0.30 + 0.08 + 0.25 0.77 = 117.4 kPa Therefore, soil profile type is S c . _



Su =



n



Example 1 For a building site located in the City of Palmdale, 1.1 km from the San Andreas fault, determine the Near-Source Factors, Na and Nv. Note: the San Andreas fault has a maximum moment magnitude of about 8¼ and an annual slip rate of 25 mm/yr. Solution: Seismic Source Type: The San Andreas fault is classified as a Type A seismic source (Table 3-6) Per Table 3-4, Near-Source Factor, Na, = 1.5 Per Table 3-5, Near-Source Factor, Nv, = 2.0 Example 2 For the site classified in Example 1, determine the seismic coefficients, Ca and Cv, if the soil profile is type SD. Note: Palmdale is in Seismic Zone 4 where the Seismic Zone Factor, Z = 0.4. Solution: Per Table 7, Ca = 0.44 Na = 0.44 (1.5) = 0.66 Per Table 8, Cv = 0.67 Nv = 0.67 (2.0) = 1.34 Example 3 A site is located in West Los Angeles, 7.5 km from the Newport-Inglewood fault (M=7.0, SR=1 mm/yr). The site profile is SC and the site is in Seismic Zone 4. Determine the seismic coefficients, Ca and Cv. Solution: – The Newport-Inglewood fault is a seismic source Type B. – Near-Source Factor, Na = 1.0 for 7.5 km distance. – Near-Source Factor, Nv = 1.1 for 7.5 km distance by interpolation.
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For Z = 0.4 and SC site, Ca = 0.40 Na = 0.40 (1.0) = 0.40 Cv = 0.56 Nv = 0.56 (1.1) = 0.616 Example 4 A site is located in the California desert; the closest active faults are 3.0 and 5.0 km from the site. Information on the faults are given as: Fau lt



Distance (km)



Max. Magnitude



Slip Rate (mm/yr)



1



3.0



6.5



1.0



2



5.0



7.0



5.0



Determine the appropriate Near-Source Factors, Na and Nv. Solution: Determine the Near-Source Factors, Na and Nv.



By Table 3-6: Fault 1 is a seismic source Type B Fault 2 is a seismic source Type A



Solution:



From Tables 3-4 and 3-5, the Near-Source Factors are: Fault



Na



Nv



1



1.2



1.47



2



1.2



1.6



The Bachman fault, per Table 3-6, is a seismic source Type A. The surface projection of fault above a 10 km depth is shown below:



Use the maximum values; therefore, Na = 1.2; Nv = 1.6. Example 5 The recently discovered Bachman blind thrust fault was found to underlie the site of a new building development. Seismologists have estimated the fault properties and geometry to be: 1. 2. 3. 4.



Buried thrust fault with a 45° dip. Maximum magnitude = 7.5. Maximum annual slip rate = 10 mm/yr. Fault orientation relative to site is shown in the figure below.



For Type A source and 4 km distance, Na = 1.3 (Table 3-4) and Nv = 1.73 (Table 3-5)
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3.3.7



NEHRP 1997 Recommended Provisions for Seismic Regulations



The NEHRP Recommended Provisions for Seismic Regulations for New Buildings and Other Structures(3-7) present criteria for the design and construction of structures to resist earthquake ground motions. The NEHRP 1997 Provisions form the basis of the seismic provisions for the proposed unified national building code for the United States to be called the International Building Code (IBC)(3-10). 3.3.8



2000 International Building Code Seismic Requirements



The International Building Code (IBC), 2000 edition (3-10) has recently been published. It represents a cooperative effort to bring national uniformity to the building codes in the United States. The IBC code has been developed jointly by the International Code Council, which consists of the Building Officials and Code Administrators International, Inc. (BOCA), the International Conference of Building Officials (ICBO), and the Southern Building Code Congress International (SBCCI). There are new earthquake definitions, assumptions, and procedures in the 2000 IBC, based on the 1997 NEHRP. The IBC specifies a procedure to establish ground motion accelerations, represented by response spectra and coefficients derived from those spectra. The design earthquake (DE) ground motions have been defined as being two-thirds of the Maximum Considered Earthquake (MCE) ground motions:



DE =



2 MCE 3



The MCE is defined as the “most severe earthquake effects” considered by the IBC, and is essentially the “worst case” earthquake, which has been used for design of special (base isolated) buildings or for collapse check of existing buildings (such as defined in FEMA 273). The DE is the “design-basis” earthquake for conventional building design, with margins



provided by the inherent conservatisms built into the NEHRP Provisions. 2000 IBC Seismic Base Shear Equation The seismic base shear, V, in a given direction is to be determined by the following equation: V = Cs W Where: Cs = seismic response coefficient W = total dead load plus applicable portions of other loads as defined in IBC The seismic response coefficient, Cs, is determined by the equation:



Cs =



S DS (R I E )



where: SDS = the design spectral response acceleration at short periods R = response modification factor defined in the IBC IE = occupancy importance factor defined in IBC and ranges from 1.0 to 1.5 The response modification factor, R, depends on the type of building system and ranges from a value of 1½ for ordinary plain masonry wall systems to values of 7 to 8 for steel eccentrically braced frame systems. The value of the seismic response coefficient Cs as shown above need not exceed the following:



Cs =



S D1 R IE T



(



)



but shall not be taken less than: Cs



= 0.044 SDS IE



For buildings and structures in Seismic Design Categories E or F, and those buildings and structures for which the 1 second spectral



3. Geotechnical Design Considerations response, S1, is equal to or greater than 0.6g, the value of Cs shall not be taken as less than:



Cs =



0.5S 1 R IE



where: SD1 = the design spectral response acceleration at 1 second period T = fundamental period of the building (seconds) S1 = maximum considered earthquake spectral response acceleration at 1 second period Seismic Design Categories E and F are assigned to structures in mapped areas with spectral response acceleration at a period of 1 second, S1, exceeding 0.75g. It appears that where S1 will be less than 0.75g in Seismic Zone 4, it will not be less than 0.60g; in this case, the structures will be assigned to Seismic Design Category D. [The seismic design categories are not discussed here, but suffice it to say that structures in Seismic Zone 4 will be either Seismic Design Category D, E, or F, which have more stringent requirements than Categories A, B, or C.] 2000 IBC Determination of Seismic Coefficient The seismic coefficient, Cs, for the seismic base shear equation, is derived from a response spectra. This response spectra can be derived from a site-specific study or can be determined with the procedure in the 2000 IBC. In the 2000 IBC, the 5% damped response spectra is constructed from the “mapped maximum considered earthquake spectral response acceleration” at two points. One point, denoted as SS, corresponds to short periods and the other point, denoted as S1, corresponds to a 1 second period. The “mapped maximum considered earthquake spectral response acceleration” corresponds to a “soft rock” (Site Class B) condition; factors are applied to account for the site conditions to develop an appropriate



141 response spectra. Another factor is applied to arrive at the final design response spectra. 2000 IBC Mapped Maximum Considered Earthquake Spectral Response Accelerations The maximum considered earthquake spectral response acceleration for short period (0.2 seconds) and 1.0 second period are found on maps that are found in the 1997 NEHRP Provisions. Smaller scale versions of these maps are reproduced in the 2000 IBC. These maps were developed by the Building Seismic Safety Council (BSSC) and the United States Geological Survey (USGS) for the Federal Emergency Management Agency (FEMA). The maps are based on probabilistic seismic hazard analyses using fault source models developed by the USGS. The analyses were made for the 5% damped spectral response at 0.2- and 1.0second periods corresponding to the ground motions having a 2 percent probability of being exceeded in 50 years; this is about a 2,500 year return period. This risk level is now referred to as the “maximum considered earthquake.” Because of the tendency of probabilistic analyses to predict ground motions that greatly exceed what has been experienced, due mostly to the uncertainties in the seismic parameters and the long return period, a cap or limiting value was imposed on the spectral ordinates in the more seismically active areas of the United States, such as California. The probabilistic spectral response values were capped by the “deterministic maximum considered earthquake ground motion.” The soil class assumed in the analyses is a soil class B; the Soil Classes used in the IBC are the same as the Soil Profile Types used in the 1997 UBC. (The 1997 UBC adopted the NEHRP soil profile types.) The deterministic maximum considered earthquake ground motion spectral response is to be calculated by taking into account the characteristic earthquake on any known fault within the region that has a slip rate exceeding 1 mm per year. The spectral response for 5% damping is to be calculated using a mean-plusone standard deviation ground motion
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Table 3-10. — Values of Site Coefficient Fa as a Function of Site Class and Mapped Spectral Response Acceleration at Short Periods, SS (Ref. 3-10) Mapped Spectral Response Acceleration at Short Periods Site Class



SS ≤ 0.25



SS = 0.50



SS = 0.75



SS = 1.0



SS ≥ 1.25



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



2.5



1.7



1.2



0.9



a



F



a



a



a



a



a



Note: Use straight-line interpolation for intermediate values of mapped spectral acceleration at short periods, SS. a



Site-specific geotechnical and dynamic site response analysis should be performed to determine appropriate values.



Table 3-11. — Values of Site Coefficient Fv as a Function of Site Class and Mapped Spectral Response Acceleration at 1 Second Period, S1 (Ref. 3-10) Mapped Spectral Response Acceleration at 1 Second Period Site Class



SS ≤ 0.1



SS = 0.2



SS = 0.3



SS = 0.4



SS ≥ 0.5



A



0.8



0.8



0.8



0.8



0.8



B



1.0



1.0



1.0



1.0



1.0



C



1.7



1.6



1.5



1.4



1.3



D



2.4



2.0



1.8



1.6



1.5



E



3.5



3.2



2.8



2.4



a



F



a



a



a



a



a



Note: Use straight-line interpolation for intermediate values of mapped spectral acceleration at 1.0 second period, S1. a



Site-specific geotechnical and dynamic site response analysis should be performed to determine appropriate values.



attenuation relationship. These deterministically spectral response values are used as upper bound values in the IBC maps. Maps for Southern California have been developed and are shown in Figures 3-7 and 38. From the first map, the mapped maximum considered earthquake spectral response acceleration for short period, SS, is found based on the location of the site. The second map is used to determine the mapped maximum considered earthquake spectral response acceleration for a 1-second period, S1. 2000 IBC Adjustments to Spectral Response for Site Class Effects As the Ss and S1 values correspond to a Site Class B, adjustments must be made if the site in question is other than an Site Class B profile. The SS and S1 values are adjusted for site effects by the following formulas:



SMS = Fa SS SM1 = Fv S1 where: Fa = site coefficient for short period response Fv = site coefficient for 1 second period response The values of the site coefficients Fa and Fv are given in Tables 3-10 and 3-11.
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Figure 3-7. Maximum Considered Earthquake Ground Motion for Southern California: Short (0.2 second) Period Spectral Response Acceleration (%g); Site Class B [After International Code Council, 2000 (Ref 3-10)]
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Figure 3-8. Maximum Considered Earthquake Ground Motion for Southern California: 1 Second Period Spectral Response Acceleration (%g); Site Class B [After International Code Council, 2000 (ref. 3-10)]
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2000 IBC General Design Response Spectrum To determine the general design response spectrum with 5% damping, two quantities, the 5% damped design spectral response acceleration at short periods, SDS, and at 1second period, SD1, are determined by the following equations:



2 S MS 3 2 = S M1 3



S DS = S D1



The general design response spectrum curve for 5% damping is shown in Figure 3-9 with the following additional guidelines: 1. For periods less than or equal to T0, the design spectral response acceleration, Sa, is given by: Sa = SDS (T/T0) + 0.4 SDS 2. For periods greater or equal to T0 and less than or equal to TS, the design spectral response acceleration, Sa, is given by: Sa = SDS 3. For periods greater than TS, the design spectral acceleration, Sa, is given as:



Sa =



S D1 T



where T is the fundamental period of the structure in seconds and T0 and TS are given by:



T0 =



0.2 S D1 S DS



TS = S DI S DS



Figure 3-9. IBC Design Response Spectrum, 5% Damping (Ref. 3-10)



2000 IBC Guidelines for Site-Specific Procedure for Determining Ground Motions The 2000 IBC Provisions requires that the site-specific study account for: the regional seismicity and geology; the expected recurrence rates and maximum magnitudes of events on known faults and source zones; the location of the site with respect to the faults and sources; near-source effects, if any; and the characteristics of the subsurface conditions. The probabilistic “Maximum Considered Earthquake” (MCE) ground motions are those represented by a 5% damped response spectrum having a 2% probability of exceedance within a 50 year period. Because a probabilistic hazard analysis can lead to extremely high predictions of the ground motion, the 2000 IBC provides that where the probabilistic MCE spectral response ordinates at periods of 0.2 or 1.0 seconds exceed the corresponding ordinates of the deterministic maximum considered earthquake ground motion, the MCE ground motion shall be taken as the lesser of the probabilistic or the deterministic MCE ground motion. The deterministic MCE ground motion is calculated as 150% of the median spectral response accelerations (SaM) at all periods resulting from a characteristic earthquake on any known active fault within the region. The MCE ground motion has a deterministic lower limit,
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however, as shown in Figure 3-10. The deterministic limit is determined by the site coefficients Fa and Fv that are determined as described earlier in Section 3.3.8.3, tables 3-10 and 3-11, and SS is assumed to be 1.5g and S1 is assumed to be 0.6g.



spectral response accelerations that are based on the locations of major active earthquake sources.



3.4



SOIL LIQUEFACTION



Figure 3-10. Probabilistic Ceiling on Maximum Considered Earthquake Ground Motion (Ref. 3-10)



The 2000 International Building Code has guidelines for the calculation of the deterministic MCE ground motion. The deterministic MCE ground motion is to be calculated as the spectral response accelerations (SaM) at all periods resulting from a characteristic earthquake on any known fault within the region that has a slip rate exceeding 1 mm per year, using the mean-plus-one standard deviation ground motion attenuation relationship. The design spectral response acceleration, Sa, is to be determined by:



Sa =



2 S aM 3



In addition, Sa must be greater than or equal to 80 percent of the design spectral response acceleration, Sa, determined by the general response spectrum from the The procedures in the 2000 IBC will undoubtedly be confusing until mastery of a new language and philosophy is achieved. The Near-Source factors of the 1997 UBC are replaced with a set of maps of the mapped MCE



Figure 3-11. Liquefaction-induced bearing capacity failure and settlement of a five-story building in Adapazari, Turkey, most of the ground floor is below grade. Photograph courtesy of Dr. Robert May, Gibb Ltd., Reading, U.K.



3.4.1



Causes of Liquefaction



Soil liquefaction during an earthquake is a process that leads to loss of strength or stiffness of the soil. This could result in the settlement of structures, cause landslides, precipitate failures of earth dams, or cause other types of hazards. Soil liquefaction has been observed to occur most often in loose saturated sand deposits.



3. Geotechnical Design Considerations During strong earthquake shaking, a loose saturated sand deposit will have a tendency to compact and, thus, have a decrease in volume. If this deposit cannot drain rapidly, there will be an increase in the pore water pressure. The effective stress in the sand deposit is equal to the difference between the overburden pressure and the pore water pressure. With increasing oscillation, the pore water pressure will increase to the point where the pore water pressure will be equal to the overburden pressure. Since the shear strength of a cohesionless soil is directly proportional to the effective stress, the sand will not have any shear strength and is now in a liquefied state. "Sand boils" appearing at the ground surface during an earthquake is evidence that liquefaction has occurred.



Figure 3-12. Liquefaction-induced tilting of three-story residential structure in Central Taiwan. Photograph by Dr. Farzad Naeim.



Liquefaction can have a significant and sometimes devastating effect on buildings supported on the upper soils without consideration of the consequences of



147 liquefaction. Figures 3-11 and 3-12 present examples of the effects of liquefaction on buildings in the 1999 Kocaeli, Turkey and ChiChi, Taiwan earthquakes. 3.4.2



Evaluating the Liquefaction Potential by Standard Penetration Tests



There are a number of different methods by which the potential for liquefaction of a soil can be evaluated. These methods generally compare the cyclic shear resistance of the soil with the cyclic shear stresses and strains caused by an earthquake. Simplified empirical methods have been developed that utilize case histories of past occurrences (or non-occurrences) of liquefaction during significant seismic events. Other methods use analytical techniques that incorporate dynamic analysis and laboratory testing. The most common and traditional method of analysis uses correlations between the liquefaction characteristics of soils and the Standard Penetration Test or N-value as originally described by Seed et al.(3-11) Since the analysis was first introduced, the methodology has been refined and various corrections are applied to account for variability in sampling and performance; a summary of recent concensus opinion on liquefaction evaluation was conducted by NCEER and has been edited by Youd and Idriss(3-12); those concensus opinions are presented herein. Thus, for analysis, a corrected N-value is used. The value of the corrected N-value, denoted as (N1)60 is found by the formula: (N1)60 = Nm . CN CE CB CR CS where Nm is the measured standard penetration resistance, CN is a correction factor for overburden pressure, CE is the correction factor for hammer energy ratio, CB is a correction factor of borehole diameter, CR is the correction factor for rod length, and CS is the correction for samplers with or without liners. The overburden pressure correction factor, CN, may be calculated from the following formula: CN = (Pa/σ’vo)0.5
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where Pa is 100 kPa or approximately atmospheric pressure (2,089 pounds per square foot) and σ’vo is the effective vertical overburden pressure at the depth of the standard penetration sample. Table 3-12 shows the suggested correction factors for the other corrections. Table 3-12. Corrections to SPT (Ref. 3-12) Equipment Factor Term Variable Overburde CN n Pressure Energy Safety Hammer CE Ratio Donut Hammer 65 to 115 mm Borehole 150 mm CB Diameter 200 mm 3 to 4 m 4 to 6 m Rod CR 6 to 10 m Length 10 to 30 m >30 m Standard Sampling Sampler CS Method Sampler without liners



The range of values for the stress reduction, rd, are shown in Figure 3-13.



Correction (Pa/σ’vo)0.5 0.60 to 1.17 0.45 to 1.00 1.0 1.05 1.15 0.75 0.85 0.95 1.0 30 m rd = 0.50 Having estimated the average shear stress ratio, charts similar to Figure 3-14 may be used to determine the potential for liquefaction. Figure 3-14 shows the relationship between the cyclic resistance ratio (CRR) and the corrected standard penetration resistance, N1, for a magnitude 7.5 earthquake. The CRR is also referred to as the liquefaction resistance or liquefaction resistance ratio. If the CSR (τav / σ’o) induced by the earthquake is less than the liquefaction resistance ratio, CRR, as shown on Figure 3-14, liquefaction would not be expected to occur; similarly if the CSR exceeds the CRR, liquefaction would be expected to occur. A factor of safety against liquefaction could be determined by the ratio of the CSR divided by the CRR. For (N1)60 values greater than about 30, no liquefaction would be expected and the factor of safety would be great.
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Figure 3-14. Figure 3-14. Curve Recommended for Determining CRR from SPT Data (Ref. 3-12)



The CRR base curve for clean sands (i.e., 
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