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ABSTRACT 
 

Simplified procedures for evaluating liquefaction triggering potential use the nonlinear shear 

stress reduction factor, rd, to estimate the peak earthquake-induced cyclic shear stress within the 

soil strata. Previous studies have derived rd by considering the response of representative ground 

profiles subjected to input ground motions with a range of ground motion characteristics. In this 

study, site–specific rd for serviceability limit state (SLS) and ultimate limit state (ULS) design 

ground motions are developed using site response models of the Christchurch Central Business 

District (CBD). The site response models are generated for typical geologic conditions with 

shear wave velocity, VS, profiles developed from the results of multichannel analysis of surface 

waves (MASW) surveys conducted across Christchurch CBD. A total of 528 simulations were 

conducted using 1D nonlinear time domain site response analyses subjected a suite of input 

ground motions that are representative of controlling ground motion scenarios for seismic 

hazard of Christchurch. The results of the ground response analyses are used to determine 

Christchurch CBD-specific rd relationships for liquefaction triggering assessments.  The 

proposed relationships provide a better estimate of the cyclic stress ratios induced below 

Christchurch CBD when subjected to design SLS and ULS ground motions as compared to 

typical practice using generic liquefaction assessment methodologies. 

 

1 INTRODUCTION 
 

Simplified procedures for evaluating liquefaction triggering potential account for the interaction 

of earthquake ground motion and site response in the development of cyclic shear stress ratio, 

CSR, at a specific depth of interest using the shear stress reduction factor, rd. Following the 

original simplified method proposed by Seed and Idriss (1971), rd relates earthquake-induced 

cyclic shear stress for a deformable soil column, cyc, to the peak ground acceleration, PGA, and 

maximum cyclic stress for a rigid soil column, rigid, as:   

 

rd = τcyc,z/τrigid           (1) 

 

where  τcyc,z is the computed cyclic shear stress at depth z; and τrigid is equal to v∙PGA. 

 

rd is a nonlinear function of soil stratigraphy, dynamic soil properties (eg. low strain shear 

modulus and soil damping), and input earthquake ground motion. Relationships for rd have 

evolved since the development of the simplified method. The two current widely used 

relationships, Idriss (1999) and Cetin and Seed (2004), were developed using site response 

analyses to determine CSR for a range of subsurface models and input ground motions. 

Although these generic rd relationships provide acceptable accuracy for most liquefaction 

triggering assessments, site-specific seismic ground response analyses are a more accurate 

method to assess rd and CSR induced by specific ground motions. However, site-specific 

analyses are often saved for projects of higher importance, generally because of cost 

considerations.   
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In Christchurch, current practice for assessment of liquefaction triggering uses magnitude-

weighted-design peak ground acceleration, PGA, with earthquake magnitude of M7.5 (MBIE, 

2012). This practice is appropriate for ensuring that PGA and duration weighting factor are 

compatible with the design seismic hazard, but does not accurately represent the seismic ground 

response because a) the Christchurch seismic hazard is dominated by ground motion scenarios 

with magnitude less than M7.5, b) the ground motions used to derive generic rd relationships do 

not necessarily  have spectral compatibility with Christchurch design seismic hazards, and c) the 

effect of local site conditions are not explicitly considered. The influence of these factors on 

CSR induced by earthquake shaking was explored in this study, and it was found that typical 

practice in Christchurch using magnitude-weighted-design PGA and M7.5 overpredicts the CSR 

on average by 15 percent when considering rd determined according to Idriss (1999), but is 

reasonable when using rd determined according to Cetin and Seed (2004).   

 

2 SITE RESPONSE MODELS 
 

Christchurch CBD is underlain by 20 to 30 m of interbedded coarse- and fine-grained alluvium, 

which overlies a sequence of very dense gravels that are several hundreds of meters thick 

(Brown and Weeber, 1992). The surficial geologic units comprise deposits of the Christchurch 

and Springston Formations.  These deposits are Holocene-aged alluvium and are relatively 

similar, comprising various mixtures of sand and silt; however, the Christchurch Formation was 

deposited in a coastal environment while the Springston Formation was deposited in a fluvial 

environment. A notable transition between Christchurch and Springston Formations occurs 

roughly between about 5 and 10 m below Christchurch CBD.  This interface is commonly 

marked by the presence of either dense sand and gravel or soft cohesive soil with various 

amounts of organics. The Christchurch and Springston Formations are separated from the 

uppermost gravel unit, known as the Riccarton Gravels, by soft silts and clays with various 

amounts of organics up to 5 m or more in thickness (Tonkin and Taylor, 2011).  

 

The general conditions described above are adopted for this study to create typical geologic 

profiles. Geologic Profile Types C, G, S, include a 4 m thick transition between Christchurch 

and Springston Formations comprising either clay, gravel, or sand, respectively. The transition 

is also modelled as occurring over 2 thinner layers in Profile Types CC, CG, CS, GC, GC, GS, 

SC, and SG, where the first letter designates the composition of the upper transition layer and 

the second letter designates the composition of the lower transition layer. Figure 1 summarizes 

the geologic models. 

 
Figure 1: Geologic site response models used in this study (A) Profile Types C, G, and S, 

and (B) Profiles Types CC, CG, CS, GG, GC, GS, SC, and SG 
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VS profiles of Christchurch CBD were developed in order to estimate the low strain shear 

modulus, Gmax, for site response analyses. Development of VS profiles used the results of 

MASW surveys conducted for the Post-Canterbury Earthquakes response, which are available 

from the Canterbury Geotechnical Database (CERA, 2013). The extent of MASW survey is 

shown on Figure 2. Discretised MASW data was downloaded from the Canterbury Geotechnical 

Database (37,045 data in total) and grouped into 39 overlapping depth bins of varying thickness, 

each containing about 1,800 - 2,000 data. A lognormal distribution was fit to the VS data in each 

bin. The VS data, and computed median, ± 1 standard deviation, and ± 2 standard deviation VS 

are plotted at the mean depth of each bin on Figure 3.  The standard deviation used to compute 

the smoothed profiles on Figure 3 was taken as a constant equal to ln(VS) of 0.3.  A constant 

value was used for simplicity, while providing a reasonable fit to the data.  The smoothed VS 

profiles shown on Figure 3 can be programmed in a spreadsheet using Eq. 2:   

 

VS = exp (max (4.97, 0.570∙ln z + 3.98) + N∙0.3)      (2) 

 

where  the coefficient of 4.97 corresponds to median VS of 144 m/s near the ground surface; 

z is depth below ground surface in metres; and  

N is the number of standard deviations. 

 

 
 

Figure 2: Layout of MASW surveys conducted across Christchurch CBD 

 

Models for site response analyses were developed for typical geologic conditions using the VS 

profiles determined in this study. The basis for assigning VS in the site response models is 

highlighted on Figure 4, where the VS profiles determined in this study are compared with VS 

determined using correlation with CPT data (Robertson, 2009). As expected, a majority of the 

correlated VS fall within ± 1 standard deviation of the median values determined in this study.  

Clayey soil (assumed for CPT data with Ic greater than 2.6), is generally softer with VS between 

the median value and median -2 standard deviations; and gravelly soil (assumed for data with Ic 

< 1.31), is generally denser with VS in the range of the median value to median +2 standard 

deviations.  These observations were adopted for seismic ground response analyses as follows: 

 

1. Median values of VS were used for the interbedded silt and sand alluvium;  

2. +1 standard deviation VS values were used for upper gravels;  

3. -1 standard deviation VS values were used for upper clay and lower silt and clay; and 

4. Median values of VS were used for lower gravels.  
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Figure 3: VS data and smoothed VS profiles (A) Depth 0 to 10 m and (B) Depth 0 to 45 m 

 

 
Figure 4: Comparison of proposed VS profiles with VS determined using CPT correlation 

 

3 GROUND MOTIONS 
 

Ground motions for the site response analyses were selected to be representative of a) local 

Christchurch practice, b) the probabilistic ground motion hazard for Christchurch, and c) New 

Zealand Standard NZS1170.5, “Structural Design Actions, Part 5: Earthquake actions – New 

Zealand.” Typical practice in Christchurch uses the recommended ground motions presented in 

MBIE (2012), which comprise PGA of 0.13 g for the SLS and 0.35 g for the ULS.  These 

ground motions are weighted to M7.5 and were developed for NZS1170.5 Site Class D.  

Although MBIE (2012) is a guidance document for residential projects, these ground motions 

are typically adopted for non-residential projects in Christchurch.  
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The probabilistic ground motion hazard for Christchurch is dominated by three earthquake 

scenarios: the ‘Local’ Scenario is a M5 – 5.5 earthquake at distance less than 20 km; the 

‘Foothills’ Scenario is a M6.9 – 7.4 earthquake at distance of less than 50 km, and the ‘Alpine 

Fault’ Scenario is a M8 earthquake at distance of 75 to 150 km (Stirling et al., 2007).  

Examination of the magnitude and distance deaggregation plot for the 475-year return period 

PGA (≈ ULS design ground motion for Christchurch indicates that the Local Scenario 

dominates the ULS hazard, with lesser contribution from the Foothills Scenario and marginal 

contribution from  the Alpine Fault Scenario.  The deaggreagation plot for the 25-year return 

period ground motion (≈ SLS design ground motion for Christchurch) is not available in Stirling 

et al. (2007); however the SLS hazard is assumed to be strongly biased toward the Local 

Scenario given the relatively low return period. Additionally, the Alpine Fault Scenario is 

assumed to be too rare to contribute significantly to the SLS hazard. 

 

Input ground motions for the site response analyses were selected to represent each of the three 

earthquake scenarios that contribute to the Christchurch CBD seismic hazard. The PEER 

Ground Motion Database (PEER, 2013) was queried to find input acceleration-time histories 

consistent with the spectral shape of NZS1170.5 Class A and B (rock) to ensure spectral 

compatibility over the periods of interest.  Preference was given to magnitude and distance 

combinations matching the three earthquake scenarios discussed above.  A total of 12 ground 

motion records were selected, corresponding to 4 records for each of the three scenarios. 

 

The selected ground motions were linearly scaled to be compatible with the non-weighted 

design SLS and ULS ground motions. As discussed, seismic hazard in Christchurch is codified 

as M7.5-weighted PGA.  In order to evaluate the effect of magnitude on rd, the magnitude 

weighting was removed by computing aggregate magnitude weighting factors for SLS and ULS 

separately using the PGAs and magnitude-weighted-PGAs presented in Stirling et al. (2007).  

The weighting factors and were applied in reverse to the SLS and ULS ground motions to 

remove the magnitude weighting. Table 1 summarizes the selected ground motions and linear 

scale factors. As shown on Figure 5, the selected ground motions cover the NZS1170.5 Class A 

and B response spectra over the periods of interest.  

 

Table 1:  Input ground motions 

 

Scenario Earthquake M Distance 

(km) 

SLS  

Scale Factor 

ULS 

Scale Factor  

Local Coyote Lake 5.74 6.1 1 2.85 

Local Coalinga-04 5.18 <10 1 2.85 

Local Whittier Narrows-02 5.27 <15 1 2.85 

Local Sierra Madre 5.61 18.7 1 2.85 

Foothills Loma Prieta 6.93 41.0 1 2.85 

Foothills Northridge-01 6.69 31.5 1 2.85 

Foothills Kocaeli, Turkey 7.51 32.4 1 2.85 

Foothills Chi-Chi, Taiwan 7.62 42.7 1 2.85 

Alpine Fault Kocaeli, Turkey 7.51 142.3 1 4.28 

Alpine Fault Chi-Chi, Taiwan 7.62 94.8 1 4.28 

Alpine Fault Denali, Alaska 7.90 141.3 1 4.28 

Alpine Fault Denali, Alaska 7.90 127.0 1 4.28 

 

4 SITE RESPONSE ANALYSES 
 

Site response analyses were performed using the 1D nonlinear time domain site response 

analysis program DEEPSOIL (Hashash et al., 2012).  Both horizontal components of each of the 

12 ground motion records (24 acceleration-time histories) were run through the eleven models 

at the SLS and ULS scale factors summarized in Table 1 for a total of 528 simulations.   
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Figure 5: Summary of 5% damped horizontal acceleration response spectra for input 

ground motions for (A) Local Scenario, (B) Foothills Scenario, (C) Alpine Fault Scenario, 

and (D) comparison of all scenarios 

 
5 PROPOSED CHRISTCHURCH-CBD-SPECIFIC RD RELATIONSHIPS 
 

Christchurch-CBD-specific rd relationships were developed using the results of the nonlinear 

site response analyses described in this paper. rd was determined according to Eq. 1, and the 

computed rd are shown on Figure 6. Results from Local and Foothills Scenarios were used in 

determination of rd for the SLS case, rd,SLS. The Alpine fault scenario is assumed to be too rare 

to contribute significantly to the SLS seismic hazard, so results from Alpine fault analyses were 

not used in determination of rd,SLS. In contrast, results from all scenarios run at ULS were used 

in determination of rd for the ULS case, rd,ULS.  The proposed CBD-specific rd relationships were 

determined as the median rd computed for SLS and ULS input ground motions.  The proposed rd 

(median values) have R
2
 of 0.82 and 0.78 for SLS and ULS, respectively. The proposed r

d
 

relationships may be used directly in computation of CSR with magnitude-weighted PGA and 

can be programmed into a spreadsheet using Eqs. 3 and 4:   

 

rd,SLS =  -8.017E-08∙z
6
 + 5.729E-06∙z

5
 - 1.634E-04∙z

4
 + 2.345E-03∙z

3
    (3) 

- 1.637E-02∙z
2
 + 1.375E-02∙z + 1        

 

rd,ULS =  -4.475E-08∙z
6
 + 3.420E-06∙z

5
 - 1.082E-04∙z

4
 + 1.755E-03∙z

3
    (4) 

- 1.344E-02∙z
2
 + 9.049E-03∙z + 1       

 

Where z is depth below ground surface in metres. 
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The rd relationship of Idriss (1999) and Cetin and Seed (2004) are shown on Figure 6 in 

comparison with the proposed CBD-specific rd relationships. The use of the M7.5 rd relationship 

of Idriss (1999) overpredicts the cyclic stress ratio on average by about 15 percent compared to 

the proposed CBD-specific rd relationships. The use of M7.5 and 0.13g PGA rd relationship of 

Cetin and Seed (2004) is reasonable for SLS, but using M7.5 and 0.35g PGA overpredicts the 

ULS CSR on average by about 5 percent compared to the proposed CBD-specific rd 

relationships.  

 

 
 

Figure 6: rd computed for Christchurch CBD overlain with median and ± 1 standard 

deviation rd for (A) SLS input ground motions and (B) ULS input ground motions 

 

6 CONCLUSION 
 

The effect of seismic ground response in determination of CSR for simplified liquefaction 

triggering calculations can be approximated using the nonlinear shear stress reduction factor, rd. 

Available generic relationships parameterize rd using earthquake magnitude, intensity of ground 

shaking, and site conditions. Current practice in Christchurch relies on magnitude-weighted-

design PGA and employs M7.5 for liquefaction triggering calculations.  This practice is 

appropriate for ensuring that PGA and duration weighting factor are compatible with the design 

seismic hazard, but does not accurately represent the seismic ground response because a) the 

Christchurch seismic hazard is dominated by ground motion scenarios with magnitude less than 

M7.5, b) the ground motions used to derive generic rd relationships do not necessarily have 

spectral compatibility with Christchurch design seismic hazards, and c) the effect of local site 

conditions are not explicitly considered. The influence of these factors on the peak cyclic shear 

stress induced by earthquake shaking and rd was explored in this study, and it was found that 
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typical practice in Christchurch using magnitude-weighted-design PGA and M7.5 overpredicts 

CSR on average by about 15 percent when considering rd determined according to Idriss (1999), 

but is reasonable when using rd determined according to Cetin and Seed (2004).  The proposed 

CBD-specific rd relationships provide an improved estimate of the nonlinear seismic ground 

response for evaluating CSR for liquefaction triggering analyses in Christchurch CBD, and can 

be used directly in liquefaction triggering assessments using magnitude-weighted-design PGA, 

in lieu of rd computed for M7.5. 
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