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ABSTRACT: The behaviour of rocking walls is investigated using the time history 

analysis program Ruaumoko (2005).  The advantages of allowing a wall to rock on its 

foundations are analysed and found to be significant. The Ultimate, Serviceability and 

Survival Limit States are all included in the analysis to view the advantage of the rocking 

system at each of the intensities of loading.  The moments, shear forces and accelerations 

are all found to be significantly reduced in the rocking wall when compared to a wall 

fixed at the base.  The displacement at the top of the wall is mainly caused by the rotation 

at the base of the wall.  These displacements are found to be low enough so as to not 

interfere with other buildings during a seismic event.  The drift is also investigated and 

found to be low.  The rocking should therefore not significantly affect the behaviour of 

other components attached to the wall. The disadvantage of rocking is the lack of energy 

dissipation.  The uplift at the base of the wall is found to be low enough to allow for 

energy dissipation devices to be attached to the base to increase the energy dissipation of 

the system.  The natural period of free vibration of the wall, on average, increases by a 

factor of three during the largest rocking excursions.  This reduces the base shear 

transmitted into the wall. 

1 INTRODUCTION 

For many walls designed to resist seismic ground motions, the overturning moment due to the 

horizontal inertia of the structure exceeds the restoring moment due to gravity.  This causes the wall to 

uplift and start to rock on its foundations.  In the past, engineers considered it undesirable to allow the 

wall to rock because they were concerned with the possibility of complete structural instability. 

There can be considerable advantages with allowing the wall to rock on its foundations.  The rocking 

motion can lengthen the natural period of free vibration of the wall and the rocking limits the shear 

forces able to be carried by the wall.  It is well known that apparently unstable structures have 

survived major earthquakes due to rocking of the entire structure on its foundations. 

Investigation of structures after the 1952 Arvin-Tehachapi earthquake showed that a number of tall 

petroleum cracking towers had survived by stretching their anchor bolts and rocking on their 

foundation pads (Housner, 1990).  Several golf ball-on-a-tee types of elevated reinforced concrete 

water tanks incurred minimal damage during the Chilean earthquake of May 1960, while more stable 

ground-supported reinforced concrete tanks were severely damaged
 
(Cloud, 1963).  Inspection of the 

foundations revealed clear evidence that the structures had rocked on their foundations. 

1.1 Code Requirements  

The loading standards give some guidance on how to design rocking wall structures.  This guidance 

has changed from the old Loading Standard NZS 4203 (Standards New Zealand, 1992) to the new 

design actions standard NZS 1170.5 (Standards New Zealand, 2004).   

The old loadings standard NZS 4203 implies that if “energy is primarily being dissipated through 

rocking of foundations”, the engineer is required to design the rocking wall by performing a special 

study.  However the loading standard also states that if the ductility factor of the structure is less than 
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or equal to 2.0 then no special study is required.  This latter clause has been removed from the new 

loadings standard NZS 1170.5. 

The new loadings standard NZS 1170.5 states that if energy dissipation is through rocking of 

structures or structural sub-assemblies, the actions on the structure shall be determined by special 

study.  It also states that such studies are outside the scope of the standard.  The loading standard does 

however give some guidance on what can be considered a special study.  One of the special study 

options includes using time history analysis.   

1.2 Statement of the Problem 

The current requirement that a special study is required to design rocking walls has made it difficult 

for structural engineers to know how to deal with a rocking wall.  This difficulty is likely to have been 

caused by the clause in the earlier standard, NZS 4203, stating that if the structural ductility factor is 

less than or equal to 2.0 no special study was required.  This allowed the engineer to simply ensure 

that the ductility factor of the structure being designed was less than 2.0.  Once this was achieved the 

engineer designed the structure not having to understand the actions induced from rocking.  Structural 

engineers at present avoid rocking by designing their walls with large ground anchors to prevent uplift 

of the wall during an earthquake.  These ground anchors are very expensive to install, especially in 

Christchurch where the underlying strata is gravel.  Therefore this creates a problem considering that a 

large proportion of walls in Christchurch are likely to rock on their foundations. 

There needs to be an understanding of the behaviour of rocking walls so that engineers will be 

confident in designing rocking walls as they require better guidance on what the actions are likely to 

be in rocking walls during an earthquake.  The inter-storey drifts, moments and shears are some of the 

very important actions that engineers require in order to design these walls. 

1.3 Previous Studies 

There have been a number of researchers who have helped to assemble an understanding of the 

complexities of rocking structures. 

Housner (1990) studied simple rigid rocking blocks assuming that the block is infinitely rigid and 

pivoted about the base of the wall as shown in Figure 1.  He derived equations for the energy loss by 

making the assumption that the collision of the block on its foundation is completely inelastic.  This 

assumption was incorrect as the collisions are not completely inelastic as there is an elastic part 

(bouncing) and also a sliding component. The real wall pivots about the neutral axis as shown in the 

corrected rocking block in Figure 1.  Housner also showed that there was a scale affect that makes tall 

slender structures more stable against overturning than might have been expected. 

 

 

 

 

 

 

 

Figure 1. Housner's Rigid Block and the Corrected rocking block 

Evison (1977) studied the effect on the structural response to earthquake excitation, of allowing a 

structure to rock on its foundations and performed shake table experiments to verify the theory of the 

rocking wall phenomenon.  He noted that there are considerable advantages in allowing a structure to 

rock on its foundations instead of increasing the size of the foundation for the sole purpose of holding 

it down during an earthquake.  Allowing the rocking behaviour to occur only requires the engineer to 

design for the wall to remain elastic up to the lateral load required to initiate rocking. He showed that 
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the theory is not critical in analysing a rocking situation except for the amount that it controls the 

natural frequency of the system. He concluded that the experimentally observed high lateral 

accelerations on impact of the wall on the foundation indicated there was little benefit in allowing a 

wall to rock on its foundations.  However, experiment and computer analysis showed that walls with 

flexible foundations have reduced peak lateral accelerations. He found that the time-step for any 

computational analysis of the rocking behaviour had to be exceptionally small to gain meaningful 

results.   

In an experimental study of the seismic response of bridge piers allowed to rock on their foundations 

McManus (1980) observed a greater decay of the rocking motion when compared to the theory of 

Housner.  He investigated this decay and proposed an air compression-suction damping mechanism.  

McManus demonstrated the ability of rocking piers to survive severe earthquake excitation without 

instability. 

L.A.Torenzo-Dianderas
 

(2002) concluded that the use of rocking systems had many benefits.  

However, he also noted the disadvantages, including the lack of energy dissipation in rocking wall 

structures.  After realising this weakness, he investigated and developed different energy dissipation 

systems.  He found, on shake-table tests, that the axially yielding systems were more effective energy 

dissipaters but were less reliable, mainly because they buckled in compression.  He investigated the 

use of external flexural energy dissipaters and found them to be more reliable but less effective. He 

was also able to show that the hysteretic energy dissipaters can provide a reliable source of energy 

dissipation.  His model had higher than expected inertial forces caused by the slabs not being 

sufficiently detailed to act as pinned connections.  He recommended that the gravity load system be 

carefully detailed to transfer only the gravity loads and avoid resisting lateral forces. He also 

successfully modelled his rocking wall in the Ruaumoko (2005) program.  He recommended that the 

damping at the first mode be kept low as he found that if the damping at the first mode was too high, 

the analysis underestimated the actual drift of the structure. 

Widodo
 
(1995) recognised the importance of the role of energy dissipation, particularly that energy 

dissipation associated with soil-structure interaction in rocking foundations. He suggested locating the 

walls in the interior plane-frames to avoid yielding of the soil at the foundation footing tips. He also 

found that stiff structures, when rocking, have greater period lengthening and are significantly affected 

by the flexibility of the soil.  The shift in structural fundamental periods reduces the base shear on the 

structure.  The rotation at the base of the wall in frame-wall structures increases the column base 

moments significantly.  This rotation was also found to redistribute the maximum wall moment from 

the base of the wall to the middle storey heights. 

2 STRUCTURAL MODEL 

The wall being modelled is a part of a building in Christchurch where the wall at one end of the 

building is used to resist a large portion of the seismic inertial forces as shown in Figure 2.  There are 

secondary columns supporting the gravity weights of the building which means that the restoring 

gravity force on the wall is small.  For these reasons, the building is a good candidate for examining 

rocking behaviour.  The elevation of the building is shown in Figure 3.  There is a light steel structure 

on the top of the concrete frame that has been neglected in the analysis. 

The area included for the seismic weight and gravity weight of each floor is shown in Figure 2.  This 

area was calculated to be 222.1m
2
 and 42.7m

2
 respectively.  The ratio of these areas is approximately 

5.2. 

The 5 storey wall was modelled using 5 beam elements, each including shear deformations, to 

represent the wall and used with a multi-spring element, available in Ruaumoko (2005) see Figure 4, 

to represent the wall foundation interaction and uplift.  The multi-spring element used 10 spring 

elements each allowing for a lift-off to represent the rocking action.  Following the suggestions of 

Speith et. al. (2004) the length for the axial stiffness of the interface was taken as ¼ of the length of 

the wall as the effective length.  This required an increase in the axial stiffness of the frame elements 

to maintain the axial (vertical).flexibility of the whole wall and interface model. 
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Figure 2. Plan view of the buildings seismic and gravity weights 

 

  

Figure 3. Elevation of the typical wall structure modelled 

A time step of 0.0004 seconds was used, being of the order of the 1/10
th
 of the shortest natural period 

of free vibration, so as to give reliable results in the time-history analyses. 
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Figure 4. Ruaumoko multi-spring element 

3 LIMIT STATES 

The three limit states considered are Serviceability, Ultimate and Survival limit states.  The loadings 

standard determines the various limit states using statistical techniques.  Generally the Serviceability 

limit state requires the structure to be still in use after a 1 in 50 year event.  The Ultimate limit state 

requires a structure to be safe and repairable after a 1 in 475 year event.  The Survival limit state (also 

called the Maximum Credible limit state) requires the structure to be standing after a 1 in 2500 year 

event.  At Serviceability Limit State the wall is not expected to uplift.  At this limit state it is expected 

that there should be no damage to non-structural and structural elements.  At the Ultimate limit state it 

is expected the structure will have sustained damage but will be safe and repairable.  The Maximum 

Credible limit state requires the structure to remain stable during and after the event but may not be 

able to be used or repaired. 

3.1 Calculation of Base Shear according to NZS 1170.5 for comparison with analyses 

The loading standard NZS 1170.5 determines the magnitude of the base shear force for the equivalent 

static method based mainly on the weight of the structure, its location in New Zealand, the natural 

period of free vibration of the structure, and its structural ductility.  To enable the results of this 

research to be compared to the current loadings code a base shear was calculated using NZS 1170.5.  

Using the same seismic weights as the computational model the base shear was calculated assuming 

the building was to remain elastic.  The computed base shear, for a natural period of 0.23s, and a 

structural ductility factor of 1.0 was 4000 kN and using the standard static force distribution the 

overturning moment was computed as 56000 kNm. 

3.2 Earthquake Acceleration records used in the analyses 

The Institute of Geological and Nuclear Sciences (IGNS) supplied a set of earthquake records with 

scale factors appropriate for the Christchurch soil conditions and the records were further scaled using 

the 0.23second natural period of free-vibration of the fixed-base wall to meet the requirements of NZS 

1170.5. Three records are used in the results presented here are:  Boshrooyeh, Tabas, 1978, Taft, Kern 

County, 1952 and Wrightwood, Lytle Creek, 1970.  Although all three components of the records 

were supplied the analyses reported here used the two horizontal components of each record in 

separate two-dimensional analyses as shown as #1 and #2 in the following figures. 

3.3 Displacements of Wall 

For the Ultimate limit state case Figure 5 shows the maximum top level displacements observed using 

the six different ground motions. The maximum displacement is 52mm of which 48mm (96%) is from 

the rotation of the wall due to uplift from the foundation.  This displacement corresponds to a drift 

ratio of 0.26%.  This will most likely impose only elastic deformations in the floor diaphragms and 
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other frames attached to the wall. These deformations are important when considering how other 

structural and non-structural components attached to the wall will behave. 

 

Figure 5. The maximum displacement of the top of the wall 

3.4 Vertical Uplift at Wall Extremities 

Figure 6 shows the vertical uplift at the wall ends for the six different excitations.  The maximum 

uplift is 29mm corresponding to a drift of 0.22%.  This indicates that it would be feasible to locate 

some energy dissipation devices, for instance using mild steel at the base of the wall to dissipate 

energy and reduce the accelerations experienced in the wall.  The dissipation device forces would need 

to be limited to ensure that the response of the wall is re-centring with a flag-shaped hysteresis loop 

(fib 2003). 
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Figure 6 Vertical uplift at the base of the wall. 

3.5 Shear Force and Moment at the Base of the Wall 

If one uses the shear force computed using the Equivalent Static Method of NZS 1170.5 the ratio of 

the overturning moment to the Base Shear is found to be 13.52.  This is the location of the centroid of 

all the lateral forces acting on the wall.  If the forces were distributed linearly with height up the wall 

then the centroid would be at 2/3 of the height of the wall but as 8% of the base shear is applied at the 

roof level this raises the location of the Equivalent Static force centroid to 13.87m.   Figure 7 shows 

that the location of the centroid of the lateral inertia forces remains very close to 0.074 (1/13.52of the 

wall height) when the wall rocks.  It will be noted that the rocking wall has a considerably reduced 
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base shear when compared with the design to NZS 1170.5 for the fixed base wall.  The average reduc-

tion in the Base Shear was 27%.  The graph also shows that as the Base Shear is reduced so is the 

overturning moment as well as the horizontal accelerations in the building.  This implies less damage 

to both the structure and the structure’s contents. 
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Figure 7. Maximum Moment versus Maximum Shear Force  

3.6 Total Accelerations in the building 

The maximum ground acceleration at the base of the building in the earthquakes was 2.94 m/s
2
 and he 

fixed base wall had a maximum acceleration at the top of 10.06 m/s
2
, over 3 times the ground 

acceleration.  This is a characteristic of a short period structure subjected to ground acceleration.  The 

maximum roof acceleration on the rocking wall was 6.15 m/s
2
. Energy dissipation provided to act with 

the wall uplift would further decrease these accelerations.  The rocking wall had its period increase 

from the fixed base period of 0.23 seconds to values ranging from 0.64 to 0.86 seconds.  These values 

were obtained by examining the displacement time-history of the rocking walls.  Evison showed that a 

rigid wall experiences large horizontal accelerations when the wall again makes contact with the 

foundation but the deformable wall, with the unzipping and re-zipping effect of the wall-foundation 

interaction, these effects are not as severe.  Energy dissipation devices would further reduce these 

accelerations. 

3.7 Serviceability Limit State 

The design loads and the ground accelerations for this case were taken as 0.167 of those for the 

Ultimate limit state.  The maximum uplift at the end of the wall is 1.6mm and indicates that the wall 

would have a similar response to the fixed base wall in this limit state. 

3.8 Survival Limit State 

This is meant to represent the largest likely seismic event expected in 2500 years.  NZS 1170.5 

indicates that the ground accelerations are 1.8 times those at the Ultimate limit state. The maximum 

roof horizontal displacement is 142mm with 138mm of this displacement associated with the uplift at 

the base and only 4mm from deformation within the wall.  This wall deformation is almost the same as 

that for the Ultimate limit state implying that the wall is likely to remain elastic. The building drift 

ratio is still relatively low at 0.71% which means that the structural and non-structural components in 

the building should be able to cope with these deformations with careful detailing.  The ratio of 

overturning moment to Base Shear is also relatively stable showing that at this limit state the location 

of the centroid of the lateral forces remains near the Equivalent Static location at 13.52m above the 

base of the wall.  The maximum Base Shear is of the order of 30% less that that for the fixed base wall 

and the maximum overturning moment is reduced by 35%. 
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3.9 Parameter Studies. 

Two parameter studies were carried out as part of this study.  The first involved comparing the 

answers when the vertical component of the earthquakes was applied together with the horizontal 

ground accelerations at the Ultimate limit state. The maximum difference in the horizontal 

displacements, uplift and Base Shear were of the order of 1.9%, 3.9%, and 6.8% respectively.  In this 

case these differences were not very significant.  In the analyses reported in the paper, the mass 

associated with the wall was lumped at each of the floor levels and at the base of the wall.  To give a 

more complete representation of the mass the rotational inertia of each storey about the axis 

perpendicular to the plane of the wall was incorporated in the analyses.   The differences in the 

horizontal displacement at the roof, the wall uplift and the Base Shear with and without the rotational 

inertia terms were 0.3%, 0.2% and 2.7% respectively.  Again the effect can be considered 

insignificant.  If the wall had been modelled as a single mass then the effect of the rotational inertia 

would be quite significant.  However, with the mass spread over the six levels of the wall the 

distributed nature of the mass is reasonably well represented by the current lumped mass model. 

4 CONCLUSIONS 

The results clearly show the advantages of allowing the wall to rock.  The rocking system is shown to 

effectively isolate the wall structure from the higher moments and shears induced in the fixed base 

wall.  There is a significant reduction in the wall shears and moments, which besides reducing the 

demands on the wall itself, also reduces the demands on the foundation.  The reduction in horizontal 

accelerations observed in the rocking wall would also reduce damage to the structure’s contents when 

compared to what would happen in the case of the fixed base wall. 
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