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ABSTRACT: A dramatic consequence of the Christchurch earthquakes of 2010 and 

2011 was the widespread liquefaction in the city. However, large volumes of ejecta were 

not evident for those parts of the CBD where the upper layers in the soil profile are sandy 

gravel and gravelly sand and the shallow foundations for mid to high-rise buildings were 

found to have performed well.  The paper summarises two threads of our current 

investigation into the satisfactory performance of these foundations. First, our work on 

the effect of the gravel permeability on the rise and dissipation of excess pore water 

pressure during cyclic loading of a soil profile idealised from Christchurch geotechnical 

data is summarised. The Cyclic1D software, which performs one-dimensional nonlinear 

effective stress site response analysis, was used. Permeability values associated with 

gravel were found to suppress the cyclic accumulation of excess pore water pressure in 

the gravel layers. Thus the gravels will not have experienced a loss in stiffness and shear 

strength during the earthquake shaking.  Second, consideration of the effect of the rocking 

of the shallow foundations on the seismic response of the structures is also summarised. 

We report briefly on the centrifuge modelling of shallow foundation rocking on dense dry 

sand and associated spring bed modelling using nonlinear detachable and re-attachable 

springs. A surprising conclusion from this modelling is that small amounts of rocking 

have a large beneficial effect on the building response.  

1 INTRODUCTION 

Over a large part of the Christchurch Central Business District (CBD) there are layers of sandy gravel 

and gravelly sand near the ground surface.  A number of substantial buildings, supported by shallow 

foundations in these gravel layers, were observed to perform well during the recent earthquake 

sequence. There were not large volumes of sand ejecta at the surrounding ground surface, and the 

buildings did not experience significant settlement or residual rotation at foundation level. Figure 1 

gives simplified ground profiles beneath some of these buildings. Assuming that the undersides of the 

shallow foundations are at a depth of about 4 m, it is notable that in some cases the thickness of gravel 

beneath the foundation is modest. 

These observations are the springboard for our investigations on the good performance of the 

foundations. Herein we report on two lines of our current work.  

The first is to investigate the effect of permeability values expected for gravel on the cyclic pore 

pressure, and particularly the dissipation of pore water pressure, during cyclic loading. The 

investigation reported in this paper was done with the Cyclic1D software (Elgamal et al. 2006). Using 

site investigation information from the Christchurch CBD an idealised soil profile was developed. The 

response to sinusoidal excitation applied at the base of this column of soil/gravel is discussed.  Since 

this is a relatively simple system, parametric studies into the effect of different permeability values are 
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Figure 1 - Ground profiles beneath some of the mid to high-rise buildings on shallow foundations in the 

Christchurch CBD (after Storie 2016). 

possible. The Cyclic1D software incorporates a constitutive model that is capable of representing the 

complexity of the cyclic undrained stress-strain behaviour of saturated cohesionless materials. The 

phenomenon of liquefaction observed in sands and silty sands means that the rate of excess pore 

pressure build-up exceeds the rate of dissipation. Our modelling showed that when permeability values 

expected for gravel are assigned to the upper parts of the ground profile there is significant dissipation 

of pore water pressure during the cyclic loading and hence no liquefaction or surface ejecta. However, 

the work reported is of wider application than Christchurch and emphasises the controlling influence 

of permeability on the accumulation and dissipation of cyclic pore pressures.  

An observation made by one of our structural engineering colleagues about the performance of the 

HSBC building in Worcester Boulevard following the February 22, 2011 event. He was surprised at 

the modest amount of structural damage in this building which has a shallow raft foundation on gravel. 

So a second line of investigation was to consider whether rocking of shallow foundations on gravel 

during the earthquake excitation might have reduced the seismic input to the structure and so led to the 

observed good performance. In a recently completed PhD project one of the authors (Storie) has done 

centrifuge modelling of shallow foundations on dense sand and also numerical modelling with the 

foundation consisting of detachable and re-attachable nonlinear springs. The conclusion from this 

work is that foundation rocking, with alternating uplift at the edges, greatly reduces the seismic input 

to the building. We have been surprised at how small an amount of rocking reduces the seismic input 

to the building.  

2  CHRISTCHURCH SUBSURFACE CONDITIONS 

After the Christchurch earthquakes of 2010 and 2011 there was intense geotechnical investigation that 

has revealed the complex subsurface conditions in the city, particularly the upper 20 m or so 

(Canterbury Geotechnical Database 2014). The upper layers, referred to as the Christchurch and 

Springston  Formations (Brown  and Weeber, 1992),  consist of  sand, silt, gravel and  peat  layers  and  
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Figure 2 - CBGS ground profile (after Wotherspoon et al. 2013). (a) Soil type behaviour index; (b) Soil 

classification; (c) SPT and CPT data; and (d) Shear wave velocity profile. 

mixtures of these which are highly variable both laterally and vertically. The near surface gravels, 

which are of interest in this study, are part of the Springston Formation (Brown and Weeber, 1992). 

Below the upper layer deposits, at a depth of approximately 20 – 25 m in the CBD, is the Riccarton 

Gravel, a dense gravel layer that is also the upper-most aquifer beneath the city.  The age of the 

Riccarton gravel is between 14,000 to 70,000 BP, while on the other hand the ages of the Christchurch 

and Springston Formations are less than 10,000 BP (Brown and Weeber, 1992). From intensive street-

wise site investigation data, contour maps have been prepared showing at various depths the materials 

encountered (Tonkin and Taylor 2011). These material contour plots show that sandy gravel and 

gravelly sand are significant over a large part of the CBD from approximate founding level for a single 

level basement down to 8 to 10m.  Further information about Christchurch ground conditions can be 

found in Cubrinovski et al. (2010 and 2011). 

The Borehole log, and other data, for the Christchurch Botanic Gardens (CBGS) site, near the location 

of a New Zealand Strong Motion Network instrument, is shown Figure 2. The shear wave velocity 

profile for the site, Figure 2d, shows that there is little differentiation in the upper 22 metres of the 

profile with a near constant value for Vs with depth.  

Given that there are small differences between the density of silt, sand, and gravel the value of the 

small strain shear modulus is dominated by the shear wave velocity (as per Go = Vs
2
). Consequently 

the upper 22 metres of the profile can be approximated as having constant modulus. The period of the 

peak H/V spectral ratio (a method for estimating the period of a soil layer) implies, assuming a 

constant velocity profile above the Riccarton Gravel, a shear wave velocity somewhat less than that 

given by the surface wave measurements; however, this does confirm that the upper gravel layer is 

considerably looser than the underlying Riccarton Gravel. At this and other sites around the city the 

boundary between the Riccarton Gravel and the overlying Springston Formation is very clear with, at 

this site, a jump in shear wave velocity from less than 200 m/sec to 400 m/sec. 
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The SPT values shown in Figures 2c for the upper 10m of gravel are variable, the largest and smallest 

of which indicate pockets of stiff and soft materials and/or the presence of cobbles. Herein more 

credence is given to the shear wave velocity profiling. This gives average values for a large volume of 

material, and so is likely to be more representative of the cyclic response of the layer, rather than the 

point values obtained from the SPT.  

An idealised subsurface profile was used to investigate the effect of the permeability of the near 

surface gravel layer in the Christchurch CBD. The profile consists of 10 m of gravel underlain by 12 

m of mixed sands and silts, overlying the Riccarton Gravel. The shear wave velocity in the upper 22 m 

has been assumed to be constant with depth, regardless of whether the material is gravel or sand and 

silt, with a value of 185 m/sec, whilst the Riccarton Gravel has been assumed to have a shear wave 

velocity of 400 m/sec.  

3  PERMEABILITY OF CHRISTCHURCH GRAVEL LAYERS 

Groundwater control is frequently needed at building sites in Christchurch and considerable volumes 

of water are pumped from wells. This indicates that parts, at least, of the gravel have a high 

permeability. Unfortunately there has not been any systematic measurement of the in situ permeability 

of the gravels in Christchurch.  In the absence of measured values the permeability coefficient for 

gravel layers, an extensive literature review, summarised by Pender et al. (2016), suggested that a 

typical value would be 0.1 m/sec, but it could have a maximum value of 1 m/sec or higher, or a 

minimum as low as 0.001 m/sec. 

4 NUMERICAL ANALYSIS 

To investigate the effect of the permeability of gravel on cyclic pore pressure response, the Cyclic1D 

(Elgamal et al., 2006) finite element programme for calculating one-dimensional response of a soil 

column subject to lateral dynamic excitation at the base was utilised. Nonlinear soil behaviour is 

incorporated using incremental plasticity. The finite element formulation is a coupled solid-fluid 

approach so enabling the generation and dissipation of excess pore water pressure. Hysteretic damping 

is implicit in the constitutive model described below. In addition, Cyclic1D has Rayleigh damping, a 

small amount of which is commonly used in software calculating dynamic response to assist with 

ensuring numerical stability; the default value of 2% at frequencies of 1 and 6 Hz was adopted for the 

computations discussed herein. 

The software has default property sets for loose, medium, medium-dense, and dense materials. An 

important feature of the way the software is set-up is that one can associate any of the relative density 

conditions with any of the permeability values. In addition to these default materials the user can 

define new materials.   

4.1 Response of a two layer 22 m thick gravel and sand profile 

The soil profile at the instrument sites, Figures 2, consisting of approximately 10 m of gravel underlain 

by about 12 m of sand and silt was taken as representative of the ground conditions over those parts of 

Christchurch with near surface gravel layers. An excitation of ten cycles of sinusoidal excitation at 1 

Hz and amplitude of 0.2g was applied at the base of the column. The column was divided into 40 

elements and the water table was set at a depth of 2.0m, a depth representative of Christchurch 

conditions.  

Based on the site investigation at the instrument sites the shear wave velocity for both layers was set at 

185 m/sec.; thus the whole of the 22 m column was modelled as loose material. Three permeability 

values were used for the upper gravel layer: 0.1, 0.01 and 0.001 m/sec. For the lower 12 m of sand/silt 

the two permeabilities given in Table 2 (that is 6.5x10
-5

 and 10
-7

 m/sec) were used as representative  
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Figure 3 - Excess pore pressure profiles and initial vertical effective stress profiles for gravel overlying 

loose material with lower permeability. The permeability values for the upper layer cover the range for 

gravel from 0.1 (a and c), 0.01m/sec (b and d). Property values for parameters other than permeability do 

not change. 

values for sand and silt respectively.  At the bottom boundary of the 22 m deep column there was no 

drainage. The shear wave velocity of the underlying elastic half space was set to 400 m/sec. 

The results of this modelling are shown in Figure 3. For the two plots in the left hand column the 

permeability of the lower 12 m is 6.5x10
-5

 m/sec, which is a value representative of sand. For the two 

plots in the right hand column the permeability of the lower 12 m is 10
-7

 m/sec, which is a value 

representative of silt. For the two plots in the top row the permeability of the gravel is 0.1 m/sec; for 

the bottom row 0.01 m/sec. In each plot there is a profile of the peak excess pore water pressure during 

the excitation (blue) as well as the profile 10 seconds after the completion of the sinusoidal excitation 

(red).  

Notice that the peak excess pore pressure at the bottom of the gravel layer increases as the 

permeability decreases; even so, all the excess pore pressure in the gravel has dissipated within 10 

seconds of the cessation of the sinusoidal excitation.  Also the peak excess pore pressure at the bottom 

of the gravel layer is less than half of the effective confining pressure at that level prior to the 

commencement of the cyclic excitation. This result shows how the gravel permeability, even at a value 

as low as of 0.001m/sec., controls the cyclic pore pressure response. 

The permeability of the underlying layer has a major effect on the distribution of the excess pore 

pressure. When the underlying layer has permeability associated with silt, plots c and d in Figure 3, 

there is no dissipation of excess pore pressure during the 10 seconds following the cessation of the 

sinusoidal excitation and these pressures are indicative of liquefaction (zero vertical effective stress) 
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through nearly the whole 12 m thickness. Also observe that there is an extremely large hydraulic 

gradient at the boundary between the gravel and the silt.  In the case of plots a and b in Figure 3, where 

the permeability of the underlying layer has a value associated with sand, it is clear that the excess 

pore pressures for a few metres beneath the bottom of the gravel are controlled by the gravel above 

and so liquefaction is not initiated there.  

The understanding derived from Figure 3 is, then, the main output for this part of the Paper and 

confirms that the permeability of the gravel layer controls cyclically induced the excess pore pressure.  

Further information about this work can be found in Pender et al. (2016). 

5 SHALLOW FOUNDATION ROCKING ON GRAVEL 

Two facets of our investigation of the response of shallow foundations are summarized in this section: 

scale model tests in a centrifuge, and numerical modelling of one of the Christchurch buildings with 

the shallow foundation represented as a bed of nonlinear detachable and re-attachable springs. 

 

The centrifuge used for the experiments is located at the University of Dundee. It is of the beam type 

which spins models at the end of a 3.5 metre arm at accelerations of up to 80g. A servo-hydraulic 

mechanical shaker applies dynamic motions to the model during the test. The responses of models of 

3, 5 and 7 storey buildings with square surface foundations on dense sand were recorded. The input to 

the centrifuge models were Ricker wavelets the characteristics of which were chosen to investigate the 

varied SFSI responses of the three generic building models. The peak input acceleration of the 

wavelets was varied between 0.1 and 0.75g. Other tests were conducted using representative ground 

motion records from the Christchurch Earthquake of February 22, 2011.  

 

Rocking and uplift of the foundations combined with permanent soil deformation had a significant 

influence on structural response in all of the centrifuge experiments; uplift may have been more 

significant for the taller structures. The extent of uplift and foundation settlement was not substantial 

compared to the overall size of the foundation. Figure 4 shows moment-rotation curves for the 

foundations of the 3, 5 and 7 storey models recorded during Ricker wavelet excitations with peak 

input accelerations ranging from 0.49 to 0.75 g. It is clear that a characteristic of the responses is a 

large hysteresis loop just after the peak moment which shows the potential for significant energy 

dissipation during earthquake loading. The single large loop also means that the damping was not 

constant during the response.   

The building in Christchurch, discussed above, which was noted to have less structural damage than 

would have been expected has a single level basement with a raft foundation on gravel; there is a 2 

storey reinforced concrete podium and above a 9 storey steel structure having eccentric bracing and a 

perimeter moment resisting frame. The dimensions of the raft foundation are 26 m by 43.5 m with the 

underside 4 m beneath the ground surface.  The soil beneath the raft foundation was represented with a 

bed of nonlinear springs which can detach and re-attach. The calculations were done using the 

OpenSees (PEER 2012) finite element software. Results of one run, using as input the motion 

recorded on February 11 2011 at the CBGS instrument, are presented in Figure 5. This shows that the 

uplifting mechanism coupled with nonlinear compressive behaviour of the springs reduces the 

response of the structure well below that found for a fixed base analysis. However, it was noted that an 

important aspect of the reduced response is nonlinear behaviour of the foundation springs as well as 

uplifting.  Furthermore, the foundation rotation required to generate this response was small. 
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Figure 4 - Foundation moment-rotation plots for the (a) 3 storey, (b) 5 storey, and (c) 7 storey models with 

surface raft foundations subjected to Ricker wavelets of various peak amplitudes. 
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Figure 5 - Acceleration response spectra (5% damped) for the structural response of the HSBC building 

fixed base and SFSI spring-bed models, relative to the input from the CBGS Christchurch Earthquake 

record. 

6 CONCLUSIONS 

Conclusions derived from the work reported in this paper are: 

Effect of gravel permeability: 

 If the permeability values for the upper 10m gravel layer are greater than about 0.001 m/sec. any 

cyclically induced excess pore water pressures in this layer would be dissipated during the course 

(a)                                     (b)                                   (c) 
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of the cyclic excitation or soon after.  

 A permeability value in the range associated with gravel is proposed as one facet of the explana-

tion for the apparent good performance of the near surface gravels over parts of the Christchurch 

Central Business District during the 2010 – 2011 earthquake sequence despite the fact that, on the 

basis of surface wave derived shear wave velocities, these gravels are in a loose condition so 

might have been expected to liquefy. 

 

Foundation rocking: 

 The centrifuge model tests show that there is at least one cycle with high hysteretic damping 

when the models are subject to Ricker wavelet excitation. 

 The spring bed modelling of the 11 storey model shows that foundation uplift coupled with non-

linear soil behaviour gives spectral accelerations rather less than those for the fixed base model. 

However, to achieve this reduced response it is necessary to have yielding of the springs under 

compression, only then is sufficient damping available. 

 The improved response from the rocking foundation is achieved with very small foundation rota-

tions and negligible residual rotation. 
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