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ABSTRACT: Soil liquefaction and associated ground deformations caused extensive 
damage to residential buildings and lifeline facilities in many areas in Christchurch City 
(New Zealand) during the 2010 Darfield Earthquake. Twenty years earlier, the 1990 
Luzon (Philippines) earthquake also caused widespread damage in Dagupan City due to 
liquefaction. This paper compares the liquefaction phenomenon observed in both 
earthquakes, with emphasis on the characteristics of the sites affected by liquefaction, the 
extent of ground deformations observed and the influence of liquefaction-induced 
settlement and lateral spreading on the built environment. In addition, the reconstruction 
works done in Dagupan City in the aftermath of the disaster are discussed, with emphasis 
on repair of tilted buildings.  

1 INTRODUCTION 

On 4 September 2010, a magnitude 7.1 earthquake hit the Canterbury region on the South Island of 
New Zealand. The earthquake, with epicentre located in the Darfield area about 40 km west of 
Christchurch City, caused significant damage to residential buildings and lifeline facilities due to 
widespread liquefaction and lateral spreading in areas adjacent to rivers and wetlands throughout the 
city of Christchurch and in the town of Kaiapoi (see Figure 1a). Liquefaction caused ground 
subsidence, tilting and settlement of residential houses while lateral spreading induced cracking of 
roads, footpaths, grounds and residential buildings.  

Twenty years earlier, on 16 July 1990, a magnitude 7.8 earthquake was triggered by the movement of 
the Philippine Fault zone, inflicting damage over an area of about 20,000 km2 in Luzon, the 
Philippines’ largest island. Over 1,600 people were killed and at least 3,000 people were seriously 
injured. Although located about 100 km from the epicentre (see Figure 1b), Dagupan City suffered the 

              
                          (a)                    (b) 

Figure 1. (a) Areas of liquefaction (red shaded regions and red points) in Christchurch and Kaiapoi caused by 
the 2010 Darfield earthquake (after Cubrinovski et al., 2010); (b) Locations where liquefaction was observed 
during the 1990 Luzon Earthquake (after Ishihara et al., 1993). 
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most damage due to the liquefaction of loose saturated sandy deposits. 

The author had the opportunity to investigate liquefaction during both earthquakes and a comparison 
of the damage that occurred is presented in this paper. Emphasis is placed on the characteristics of the 
sites affected by liquefaction, the extent of ground deformations observed and the influence of 
liquefaction-induced settlement and lateral spreading on the built environment.  

2 GEOMORPHOLOGY AND GROUND CONDITIONS 

In terms of geologic setting, the cities of Christchurch (and adjacent areas) and Dagupan are similar – 
both are located on flat terrain where extensive deposits of loose sand and gravels are present. There 
are numerous abandoned stream meanders and wetlands, which are prone to liquefaction.  

2.1 Christchurch City 

Most of the city of Christchurch and the town of Kaiapoi are located on Holocene deposits of the 
Canterbury Plains, New Zealand’s largest area of flat land. The plains have been formed by the 
overlapping fans of glacier-fed rivers issuing from the Southern Alps, the mountain range of the South 
Island. Much of the city was swamp, behind beach dune sand, and estuaries and lagoons, which have 
now been drained (Brown et al., 1995). The two main rivers, Avon and Heathcote, which originate 
from springs in western Christchurch, meander through the city and act as the main drainage system. 
The Waimakariri River with its catchment in the Southern Alps, regularly flooded Christchurch prior 
to stopbank construction and river realignment, which began shortly after the city was established in 
1850. Variable foundation conditions as a consequence of a high water table (within 1.0-1.5m of 
ground surface) and lateral changes from river floodplain, swamp, and estuarine-lagoonal 
environments, impose constraints on building design and construction (Brown et al., 1995). 

2.2 Dagupan City 

Dagupan City is located in the western coast of Luzon along the southern shores of Lingayen Gulf. 
Most of the city and adjacent areas facing the gulf are predominantly flat terrain and the soil in this 
region is made of loose Quaternary-age deposit. Dagupan is situated in the eastern margin of the delta 
of Agno River, and is traversed by the Pantal River. Due to the meandering nature of Pantal River, the 
natural lateral shifting in its course resulted in channel abandonment in some areas. This natural land 
reclamation and the construction of artificial cut-offs account for the loose saturated sediments which 
make-up most of the city’s soil formation. Subsequent soil investigations confirmed that loose deltaic 
deposits characterize the area, with the top 15~18m composed of silty sand overlying a thick layer of 

 
Figure 2. The area of Dagupan City near Lingayen �ulf (after Ishihara et al., 1993). 
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clay. It was reported that prior to the 1900’s, most of Dagupan City’s land areas were fishponds and 
marshlands (see Figure 2). As the area developed and became a commercial centre, most of these 
swampy areas were reclaimed by filling on the flooded areas where shrimp and milkfish farms were 
located. The poorly compacted nature of such deposits accounts for the area’s high susceptibility to 
liquefaction (Orense, 2003). 

3 STRONG MOTION CHARACTERISTICS 

During the 2010 Darfield Earthquake, a series of strong motion accelerographs within the GeoNet 
system was triggered and motions recorded at several stations. Based on the distribution of maximum 
horizontal accelerations, it was observed that the maximum recorded acceleration was in the order of 
1.25g near the earthquake epicentre. In the city of Christchurch, the recorded accelerations were in the 
order of 0.2-0.3g. Closer inspection of the ground motion records indicated that the duration of 
significant shaking was about 30 sec. 

During the 1990 Luzon Earthquake, no strong motions were recorded. The reconnaissance team of the 
Japan Society of Civil Engineers roughly estimated the magnitudes of accelerations on the basis of 
observed performances of rigid objects such as concrete fences or benches. In Baguio City, where 
landslides and collapsed buildings occurred, the intensity of the main shaking was inferred to be in the 
order of 0.4g. Sato (1991) estimated the magnitude of acceleration in Dagupan City to be 0.2-0.3g.  

4 FEATURES OF LIQUEFACTION-INDUCED DAMAGE 

4.1 Christchurch City and Kaiapoi Town 

During the 2010 Darfield earthquake, extensive liquefaction was observed in the town of Kaiapoi and 
in the eastern suburbs of Christchurch City, such as in Dallington and Bexley. Many buildings, such as 
the 2-storey building in Kaiapoi shown in Figure 3(a), sank and tilted as a result of the loss in bearing 
capacity of the foundation ground. In the suburb of Bexley, located southeast of Christchurch CBD, 
many houses in the southern portion of the area underwent non-uniform settlement due to liquefaction 
(see Figure 4a). The area was formerly a swamp and formed part of the Bexley wetlands. It was 
reclaimed in the late 1990s by filling the area and the subdivision was built over it. Interviews with 
homeowners indicate that the area was fairly new, with some houses built as recently as 5 years ago. 

Lateral spreading associated with soil liquefaction resulted in large permanent lateral displacements in 
the order of 1-3.5 m in some areas, with large ground cracks of about 0.5-1.5 m wide running through 
residential properties. In Spencerville, several single and two storey houses underwent severe damage 
due to large lateral ground movements including substantial tilt, loss of foundation support, tension 
cracks in foundations and slabs (see Figure 5a). In Courtenay Drive, the most dominant ground failure 
was liquefaction and massive lateral spreading, which affected an area 1 km-long and 200 m-wide 
adjacent to Courtenay Lake. The affected area coincides with the location of the former Waimakariri 
River channel. In the town of Kaiapoi, the historic Mandeville Swing Bridge, a pedestrian bridge over 
the Kaiapoi River, buckled (Figure 6a) as a result of lateral spreading. 

Other manifestations of soil liquefaction observed during the Darfield Earthquake include uplift of 
buried structures such as gasoline tanks (Figure 7a), sewage tanks and manholes, as well as buckling 
of pipes. In addition, significant volume of sand ejecta was evident in the areas affected by 
liquefaction and lateral spreading. 

4.2 Dagupan City 

In Dagupan City, close to around 500 buildings and residential houses underwent severe settlements 
(Figure 3b), as well as varying amounts of tilting (Figure 4b), as a result of the loss in strength of the 
underlying soil. Except for one, no building in the affected area was supported by piles, and therefore, 
no resistance was possible against subsidence after liquefaction. Earthquake shaking did not destroy 
buildings in the area nor cause any structural damage. 
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Lateral spreading in the order of about 3-5 m occurred along the banks of Pantal River. Large lateral 
displacements and flow failures of the riverbanks damaged several buildings and other structures built 
near the river. The 5-storey Asia Career Building subsided by more than 1m, with minor structural 
damage (Figure 5b); however, the 1-storey section adjacent to it was severely distorted. Magsaysay 
Bridge collapsed as a result of the lateral movement of the opposing banks of Pantal River where the 
bridge abutted (Figure 6b). At the same time, the bridge piers sank and tilted towards the centre of the 
river as a result of liquefaction of the river bed. Several kilometres of roading became virtually 
impassable due to cracks in road pavements as a consequence of general subsidence and lateral 

      
(a)   2010 Darfield Earthquake              (b) 1990 Luzon Earthquake 

Figure 3. Settlement of reinforced concrete buildings. 

      
     (a)    2010 Darfield Earthquake             (b) 1990 Luzon Earthquake 

Figure 4. Uneven settlement and tilting of structures. 

 

      
      (a)   2010 Darfield Earthquake              (b) 1990 Luzon Earthquake 

Figure 5. Damage to houses and structures due to lateral spreading 
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displacements in the area. 

Several buried structures, such as gasoline tanks (Figure 7b), septic tanks and buried pipes, were 
uplifted due to the buoyant force exerted by the liquefied soil. A buried water pipe along Rizal Street 
buckled and was thrust upward. Immediately after the earthquake, much of the town was coated in 
dark-grey mud and water ejected from fissures in the ground. 

5 SAND BOILS AND ZONES OF LIQUEFACTION 

5.1 Properties of ejected sands 

After both earthquakes, the affected areas were covered by ejected water and sand. In all places visited 
in Christchurch and Kaiapoi after the 2010 Darfield Earthquake, the appearance of the ejected sands as 
a result of liquefaction were very similar, typically grey to dark grey in colour and consisting of very 
fine sands. Samples were taken at various locations and the grain size distributions were obtained 
using laser diffraction analysis. Figure 8 shows the grain size distribution curves of soil samples taken 
at Porritt Park, Gayhurst Road and Courtenay Drive. The distributions of grain sizes were fairly 
similar, and they plot over a narrow range. The fines contents were low, ranging from 10-25%. Also 
indicated in the figure is the range of grain sizes obtained in Dagupan City, where the sand boils which 
erupted from cracks in the ground were generally black to dark grey in colour (Orense et al., 1991). It 
can be seen that the Dagupan sands are poorly graded with very few fines contents, when compared to 
Christchurch soils.  

      
     (a)  2010 Darfield Earthquake           (b) 1990 Luzon Earthquake 

Figure 7. Uplift of buried structures. 

 

      
    (a)  2010 Darfield Earthquake                 (b) 1990 Luzon Earthquake 

Figure 6. Damage to bridges due to lateral spreading. 
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Also shown in the figure are the range of grain size distributions of sands which are deemed to be 
particularly susceptible to liquefaction (A) and susceptible to liquefaction (B). These ranges were 
obtained from past historical earthquakes in Japan and stipulated in the Japanese design code for port 
and harbour facilities (PHRI, 1997). However there are problems associated with the use of 
compositional criteria as a measure of liquefaction susceptibility, because there are no generally 
accepted criteria, and it does not take account of the difference between natural and reclaimed 
deposits. Nevertheless, using these criteria, it can be seen that the ejected sands obtained at different 
locations in Christchurch and Dagupan would be expected to have high a potential to liquefy. 

5.2 Zones of liquefaction 

5.2.1 Christchurch and Kaiapoi 

Based on post-earthquake investigation, liquefaction-induced damage in Christchurch and Kaiapoi 
during the 2010 Darfield Earthquake were centred in areas such as former river channels, abandoned 
meanders, wetlands, and ponds. In Kaiapoi, liquefaction was extensive in alluvial fan sites adjacent to 
river channels, such as the Kaiapoi River. Investigations of old maps by Wotherspoon et al. (2010) 
showed that that much of the significant liquefaction damage in and around Kaiapoi during the 
Darfield event occurred in areas where river channels had been reclaimed or in old channels that have 
had flow diverted. The highly modified nature of the Waimakariri River and its proximity to Kaiapoi 
meant that some of these areas overlapped regions that have since been developed as the town has 

Porritt Park
Gayhurst Rd
Courtenay Drive
Range for Dagupan

Porritt Park
Gayhurst Rd
Courtenay Drive
Range for Dagupan

 
Figure 8. Grain size distribution curves of ejected sands from different sites in Christchurch and Dagupan. 

    
(a)                      (b) 

Figure 9. (a) Map of riverbeds in 1865 superposed to the present-day map of Kaiapoi (courtesy of L. 
Wotherspoon); (b) SWS test results in Dallington and Avonside following the Darfield Earthquake (after 
Cubrinovski et al., 2010). 
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grown, as shown in Figure 9(a). In Christchurch, many sites adjacent to the Avon River liquefied and 
underwent lateral spreading. Earthquake shaking also triggered liquefaction of the loose reclaimed 
subdivision in Bexley, resulting in ground settlement and lateral spreading.  

After the earthquake, Swedish weight sounding (SWS) tests were performed at numerous locations in 
Christchurch and Kaiapoi. In SWS test, a screw-type tip called screw point is penetrated by increasing 
step-wise the static load, Wsw, until it reaches a total of 100 kg. Further penetration is carried out by 
manually rotating the screw rod while applying the 100 kg static weight and the number of half-
revolutions required for one metre of penetration, Nsw, is obtained. Typical results of SWS tests 
conducted in Christchurch, expressed in terms of Nsw are shown in Figure 9(b). It can be seen that 
zones where penetration is low (loose deposit) consisted of sandy to silty soil. 

5.2.2 Dagupan City 

Liquefaction-induced damage observed in Dagupan City correlated very well with the geomorphology 
of the site. The locations of former river channels within the city are shown in Figure 10(a). The shift 
of the river courses took place over a long period, and therefore the abandoned portions of the river 
channel are not man-made fills, but were created probably by transport of sediments during flooding 
and inundation (Orense, 2003). The area of old channels consists of loose deposits of silts and sands, 
and is therefore susceptible to liquefaction during earthquakes. The locations where signs of 
liquefaction, such as sand boils and fissures, are shown in Figure 10(b). There is a strong correlation 
between the locations of reclaimed areas and the damage distribution. 

SWS tests were also performed at damaged areas in Dagupan City after the event, and typical results 
are plotted in Figure 10(c).  It can be seen that there exists a layer up to a depth of about 6-7 m where 
the penetration resistance is low (Nsw<100), indicating loose deposits which are prone to liquefaction. 

6 RECONSTRUCTION OF DAGUPAN CITY 

Following the 1990 Luzon Earthquake, Dagupan City underwent major reconstruction and renovation. 
Lifeline facilities, such as water and sewage pipes, were restored and all roads were re-paved. Forty-
seven buildings were condemned as unfit by the city government, while those buildings which had 
minor structural damage but underwent uneven settlement/tilting, were repaired with the help of 
Japanese technology. Considering the economic condition in the area, it was difficult to use 
sophisticated and expensive techniques to repair the tilted houses that require huge amount of money; 
therefore, low-cost methods were adopted. The four methods adopted by the Japanese experts (TC-4, 

       
      (a)            (b)              (c) 

Figure 10. (a) Locations of abandoned meanders in Dagupan City (after Punongbayan and Torres, 1990); (b) 
Damage distribution in the city (after Orense et al., 1991); (c) Typical results of SWS tests in Dagupan City 
(after Ishihara et al., 1993). 
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2001) in repairing sank and tilted buildings are shown in Figure 11. Note that liquefaction 
countermeasures, such as densification and use of pile foundations, were implemented in only few 
sites. Twenty years later, Dagupan City has rebounded from the devastation brought by the earthquake 
and the city’s economy is much more vibrant than ever.   

7 CONCLUDING REMARKS 

Extensive liquefaction and lateral spreading were observed following two major earthquake events – 
the 2010 Darfield Earthquake and 1990 Luzon Earthquake. In both cases, liquefaction occurred in 
areas which were known to have high potential to liquefaction - former river channels, abandoned 
meanders, wetlands, and ponds. These areas are characterized by the presence of loose saturated sandy 
deposits, which are susceptible to liquefaction. In other words, liquefaction during these earthquakes 
occurred in sites which were expected to liquefy. After both events, liquefaction caused extensive 
damage to residential houses and other infrastructures through lateral spreading, ground subsidence, 
and differential settlements. Dagupan City has rebounded after the catastrophe and it is expected that 
Christchurch will also do the same in the near future.  
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