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SUMMARY 
 
This paper examines the seismic retrofit of an unreinforced rubble stone masonry building, 
targeting 67%NBS Importance Level Three (IL3). The most relevant assessment and retrofit 
guidelines were researched, and their applicability to this project investigated. A step by step 
methodology was developed for the building performance assessment. The proposed retrofit 
intervention includes wall grouting, tie-rod installation, limited new foundations, a plywood 
overlay to the steeply pitch roof and wall to roof dowels.  

 

INTRODUCTION 

The Taranaki Cathedral, Church of St. Mary is an unreinforced rubble stone masonry building 
located in New Plymouth, erected in various stages between 1844 & 1916. The roof consists 
of timber trusses and sarking supporting a steeply pitched slate roof. The Cathedral is a 
Category 1 – Heritage New Zealand listed building, and its current seismic performance has 
been assessed as being less than 34%NBS (IL3). A retrofit intervention targeting 67%NBS 
(IL3) has been designed. Scope of the proposed retrofit works includes wall grouting, tie-rod 
installation, limited new foundations, a plywood overlay to the roof and wall to roof dowels.  

 

Figure 1. West view of the Cathedral 



Due to the nature of the rubble stone masonry and its rarity as a building construction material 
in New Zealand, the most relevant assessment and retrofit guidelines were researched, and 
their applicability to this project investigated. The NZSEE (2017) Guidelines were generally 
followed and further advice was sought from international standards and in-house experience 
from previous projects.  

A step by step methodology was developed for the Building Performance Assessment. On-site 
investigation, in-situ material testing and external expert advice was sought in order to 
ascertain the masonry material properties and allow correlations to be made between the 
material property values described in the NZSEE (2017) Guidelines, and the material testing 
values, Dizhur (2018).  

NZSEE (2017) Guidelines and referenced documents 

Section C8 of the NZSEE (2017) Guidelines relates to the assessment of Unreinforced 
Masonry Structures and is the most up-to-date document within the New Zealand context 
providing seismic performance assessment guidance. The NZSEE (2017) Guidelines are 
incorporated by reference in the EPB Methodology (2017).  

According to Section C8.1.2 of the NZSEE (2017) Guidelines, the document can be applied in 
the assessment and retrofit of rubble stone masonry structures, with some additional 
requirements. Due to the nature of the rubble stone masonry, the failure modes of these 
structures may be other than those covered in the document, including the possibility of 
delamination. As the NZSEE (2017) Guidelines are silent on what the additional requirements 
are, further advice was sought from international standards, namely NTC (2008) Chapters 1-
12, that is the Italian construction standard relevant to masonry structures, and in-house 
experience from previous projects such as the Christchurch Arts Centre retrofit and the 
Christchurch Anglican Cathedral. Input from peers was also sought, namely by Dmytro Dizhur 
and Win Clark. Informed by the above documents, the NZSEE (2017) Guidelines formed the 
basis of the assessment of the retrofitted masonry walls of the Taranaki Cathedral. 

 

Figure 2. Revit model with retrofit interventions employed 

 

In order to ensure that the delamination failure mode is suppressed, and that the wall cross 
section can act homogeneously, the walls are proposed to be injected with grout and tied 
across with stainless steel tie rods at regular centres. Grouting and tie rod installation 



methodologies are explained further in the following section. With the delamination failure 
mode suppressed, the following sections of the NZSEE (2017) Guidelines were followed, 
modified as indicated below: 

C8.7 Material Properties: Values for the material properties were taken from the material test 
report, Dizhur (2018), and correlated to Section C8.7 as applicable. 

C8.8.5 Wall elements under face load: The inelastic displacement-based analysis for walls 
spanning vertically between supports was adopted, unmodified in its entirety. It is noted that 
the non-linear kinematic analysis procedure detailed in NTC (2008) for assessing face loaded 
walls is very similar. 

C8.8.6 Walls under in-plane load: Pier elements were assessed for the four failure modes of 
diagonal tensile, toe crushing, rocking and bed-joint sliding, with the latter being less likely to 
occur. An additional shear capacity check with formulas from Section C8.7.1.5 of NTC (2008) 
was also carried out. For spandrel elements, NZSEE (2017) Guidelines Section C8.8.6 is 
adopted in its entirety.  

Grout injection and tie rod installation 

As discussed earlier, un-retrofitted rubble stone masonry is susceptible to delamination and 
limits its ability to act homogeneously. The selected interventions of injecting grout to the 
central rubble core and installing tie rods at regular centres aims to mitigate the delamination 
risk, allowing the walls to act homogeneously (see Figure 3). These interventions form an 
integral part of the retrofit, without which the assessment methodology as described in the 
following section would not be considered valid. 

Grout injection is a common intervention in rubble stone masonry retrofits, with tie rod 
installation slightly less common but still frequent.  

Research into the effectiveness of retrofit interventions on rubble stone masonry, has indicated 
that injecting grout or installing tie rods improves greatly the out-of-plane stability of the walls, 
with the greatest results observed when both interventions are applied, Giaretton et al. (2017). 
The injection of grout in the core of rubble stone masonry and the installation of transverse 
connections ensures the monolithic behaviour of the wall by suppressing delamination, also 
increasing the strength of the pier walls, Frumento et al. (2006).  

Grouting of the rubble stone core and installation of the tie rods to the masonry walls is an 
involved process with several specific sequencing and method requirements. A specific 
methodology for the grouting and tie rod installation has been developed for the project. The 
tie rods are proposed to be 8mm stainless steel at centres that are similar to the wall thickness, 
both vertically and horizontally. The rod diameter and spacings were consistent with those 
used by Giaretton et al. (2017) and Frumento et al. (2008) 

The on-site investigation and material test report, Dizhur (2018), provided material property 
and strength improvement factors to be applied to the masonry material properties for the 
masonry retrofitted with grout injection and tie-rod installation. These factors were adopted in 
the design as the above interventions are to be employed in the retrofit solution. 



 

Figure 3. Proposed tie-rod installationa and wall mapping 

 

Retrofit design methodology 

In order to map the process of the assessment and retrofit design, a step-by-step methodology 
was developed. It is essential to note that the methodology is valid only if the delamination risk 
is mitigated.  

The lateral load resistance of the building is provided by the rubble stone masonry walls acting 
in-plane. The wall lines that provide lateral resistance are defined by vertical and horizontal 
masonry wall elements. Wall elements within the same line, or no more than a wall thickness 
apart, that are connected by elements capable of carrying axial load, were considered as part 
of the same wall line. There are 12 identified wall lines ranging from a single unperforated wall, 
to heavily perforated walls comprising piers and spandrels (see Figure 4). The tributary seismic 
weights on each wall line were calculated.  

 

Figure 4. Identified lateral load resisting wall lines 



As the building was constructed at different periods, the material properties of the rubble stone 
masonry vary along some wall lines. Consideration of the above was included in the 
subsequent linear analysis as the shear distribution to each pier also depends on the relative 
material properties in addition to the geometric parameters. 

The masonry walls that are perforated comprise piers and spandrels. Determination of the 
geometric characteristics of each of these elements was made, and an equivalent frame 
geometry was defined as per Section C8.8.6.4 of the NZSEE (2017) Guidelines. The 
equivalent frame of each wall line was different for each of the two in-plane loading directions 
as the diagonal strut that defines the pier effective length may be different for the two opposite 
directions (see Figure 5). Pier-spandrel joints were included in the analysis model as rigid 
zones, of appropriate depth, so that the effective height of each pier is modelled. The 
equivalent frame lateral load analysis which includes geometric, stiffness and material 
properties determines the lateral load distribution on each wall line, pier and spandrel. 

 

Figure 5. Piers and spandrels forming equivalent frame 

 
Once the shear and axial forces on each of the wall line elements were calculated, the in-plane 
capacity of each pier was assessed in accordance with Section C8.8.6.2 of the NZSEE (2017) 
Guidelines, and the in-plane shear checks of Section C8.7.1.5 of NTC (2008), (see Figure 6). 
Passive dowels at most pier locations, and vertical post-tensioning at two piers only are 
proposed as part of the retrofit. Their influence on the pier flexural/rocking strength and shear 
strength was also considered. 

A reinforced concrete capping beam at eaves level is proposed over the wall lines, except at 
gable walls. The capacity of the capping beam was assumed to make the contribution of any 
stone spandrel redundant in terms of the calculation of the spandrel shear capacity. 

From the above the critical failure mode of the wall line elements was determined and the 
appropriate force reduction factor KR was established in accordance with Section C8.10.2.2 of 
the NZSEE (2017) Guidelines. Failure of piers and spandrel elements that do not create life-
safety hazard may be discounted from the primary load structure, provided that any such 
member can remain as non-life safety hazard when global maximum deformations are 
reached. It is noted that the lowest KR from all wall lines was adopted for the global structural 
assessment. While for most piers the critical failure mode was that of rocking, some isolated 
piers had bed-joint sliding as their critical failure mode. Based on these failure modes, a KR=3.0 
could be justified for the global assessment. However, 67% NBS (IL3) load level corresponds 
to a KR factor of 1.5, up to which load level the pier capacities were not exceeded. Therefore 
for the global structural assessment, a strength reduction factor of KR=1.5 was adopted.  

The horizontal seismic demands to the primary lateral structure were calculated, in accordance 
with Section C8.10.2.2 of the NZSEE (2017) Guidelines.  



 

Figure 6. Shear force distribution on a wall line equivalent frame for KR=1.5 

 
The sway potential index was established in accordance with Section C8.8.6.4 of the NZSEE 
(2017) Guidelines, to investigate whether a perforated wall line is governed by pier of spandrel 
capacity. It is noted that for the calculation of the sway potential index, the shear force demands 
are calculated using KR=1.0.  

If a very weak spandrel-strong pier mode was found to be governing, then the presence of the 
spandrels was omitted, so far as this does not create a life-safety hazard. This means that the 
piers’ effective height needed to be re-established, along with their strength characteristics, 
and the analysis was rerun. 

For the established lateral system of each wall line, deformations calculated using KR=1.0 were 
checked against the limits that relate to the critical failure mode. The performance was scaled 
back if limits were not met. The adopted limits were taken from the NZSEE (2017) Guidelines 
and are the minimum between 0.011 and 0.003heff/Lw for rocking failure mode and 0.0075 for 
bed joint sliding failure mode. 

Once structural performance and deformations have been established for each wall line, the 
demands on the roof diaphragm were designed to be compatible with the wall line 
deformations, ensuring that maximum allowable displacements of face loaded walls were not 
exceeded. The roof diaphragm design approach is further explained in the following section. 

Foundation bearing stress were then checked for the identified lateral load mechanism of each 
wall line, against the maximum allowable soil stresses as indicated in the geotechnical report. 
Investigatory excavation of the masonry wall foundations verified that the wall footing is at most 
locations marginally wider than the wall itself. Where the soil stresses were likely to be 
exceeded, or where the differential settlement was likely to cause severe damage and/or 
destabilise the superstructure, foundation improvements are proposed. The proposed 
foundation improvements typically comprise double sided concrete ground beams with two 
rows of epoxied through-bars at regular centres that aim at increasing the bearing area of the 
wall base for seismic loading.  

The out-of-plane assessment of the walls follows Section C8.8.6 of the NZSEE (2017) 
Guidelines. The material strength improvement factors due to the grouting and tie-rod 
installation were adopted in the material properties that were used in the above checks. The 
gable walls were unsurprisingly the most critically face-loaded walls due to their height. 

Roof bracing 

Along with the grouting and tie-rod installation, the most significant intervention of the Taranaki 
Cathedral retrofit, will be the increase of the roof diaphragm strength and stiffness, ensuring 
reliable load paths and providing adequate roof to wall connections.  



The largest proportion of seismic mass is from the masonry wall self-weight. As the lateral load 
resistance of the structure is provided by the wall lines, most of the in-plane load of the walls 
is self-resolved. However, for the out-of-plane stability of the walls the roof diaphragm is 
required to transfer forces to the perpendicular wall lines. Any wall in-plane capacity shortfall 
on a tributary mass basis also requires diaphragm action for its redistribution. 

Two options for the roof diaphragm strengthening were presented during Concept Design to 
the client. The first option involved the removal and reinstatement of the slate roof, local 
strengthening of the existing timber structure, and installation of a timber plywood overlay to 
the entire roof. The second option was to install steel cross-bracing at eaves level which would 
have resulted in a significant visual impact. 

While the second option provided a simpler load path for the roof diaphragm forces, the first 
option was selected by the client due to its reduced visual impact, and retention of the timber 
roof aesthetics.  

 

Figure 7. Roof diaphragm strengthening indicating steel plates and plywood panels 

 

The plywood overlay above the existing timber sarking increases the stiffness and strength of 
the roof diaphragm. This allows the diaphragm to provide the out-of-plane restraint to the top 
of the stone walls and gables, and allows loads to be distributed between wall lines.  

However, the steep pitch of the roof makes the diaphragms ability to resist horizontal actions 
less efficient, generating at the same time high forces in the vertical axis of the walls, either as 
uplift or compression to the wall lines. Vertical passive dowels extending the full depth are 
proposed to resolve the hold-down forces at each pier (see Figure 8). 



 

Figure 8. Passive dowel arrangement on a typical wall line with concrete bond beam 

 

Following the assessment of the masonry piers and spandrels, the limiting capacity of each 
wall line was established, and the demands based on their tributary seismic load were 
compared. From the above comparison any capacity shortfall was noted (see Figure 9).  

The below figure indicates some capacity shortfall in the longitudinal direction. Any such 
capacity shortfall needs to be transferred via the diaphragm to wall lines that have residual 
capacity and are connected through a reliable load path through the diaphragm.  

The diaphragm was designed for loads corresponding to nominal ductility μ=1.25, and the 
diaphragm connections were designed for highest values between the nominally ductile loads 
and parts loading of the wall out-of-plane. The maximum achievable lateral load level through 
strengthening the steep pitch diaphragm was found to be 67%NBS (IL3). 

 

 

Figure 9. Longitudinal wall lines indicating demand capacity (red) and capacity shortfall (blue) 



Steel plates to the top chord of the existing timber trusses and fabricated angle sections to 
ridges, valleys, hips, and top of gable walls also form part of the proposed roof diaphragm 
strengthening, acting as both collector and chord elements (see Figure 7). The majority of 
these sections are located between the sarking and roofing material (slate), and therefore will 
not be visible once the slate is reinstated. A concrete bond beam is also proposed at eaves 
level, covered by facing stone on one side and the roof overhang on the other, therefore also 
concealed. 

A macro-truss analysis model of the roof diaphragm was created to simulate the seismic load 
demands/capacity balance (see Figure 10). The diaphragm model stiffness was calibrated so 
that diaphragm periods, and deflections are representative of the geometry and proposed 
build-up of the roof. The seismic load demands were applied to the model, and the lateral load 
resisting element resistance incrementally added as an opposing load, capped by each wall 
line capacity, until the system reaches equilibrium. No lateral supports were provided to the 
model, just nominal lateral springs of greatly reduced stiffness to ensure that the analysis 
converges. Loading cases were created for each loading direction and orientation. The internal 
forces at each diaphragm member were established. Axial forces to the truss chords and 
diagonals, or bending and shear forces to the bond beams were extracted and post-processed 
to ascertain min/max equivalent shear demand on the plywood panels, axial forces of the steel 
plates, and design forces of the bond beams. Vertical reactions and the deflected shape of the 
roof diaphragm were also observed.  

 

Figure 10. Microstran analysis model of roof diaphragm macro-truss 

 

Timber blocking is required between the sarking and plywood overlay to allow transfer of 
diaphragm forces between ply sheets per typical ply diaphragm designs. Also due to the high 
stresses at the plywood panels, and the large spacing between existing purlins, additional 
timber blocking is required to restrain the ply sheets from buckling. 

Connection details 

The diaphragm connection details were designed for either the loads from the above analysis 
(μ=1.25), or the parts loading of the wall out-of-plane action, whichever was higher. 

For the connections between plywood sheet edges and timber blocking, nails at close centres 
are proposed in single or double rows. Coach screws at regular centres are to be used to 



connect the steel plates to the existing timber trusses through the timber blocking, and anchor 
bolts are to be used for connections between the steel plates and the concrete bond beam, or 
the plywood edge blocking and the concrete bond beam. For the connection between the steel 
plates at diaphragm edges over the gable walls, drilled and epoxied dowels are proposed. 
Indicative diaphragm connection details are shown below (see Figures 11 and 12).  

 

Figure 11. Typical roof to wall connections 

 

Figure 12. Typical roof ridge and valley diaphragm connections 

 

A row of passive dowels is proposed over the top of the walls and the concrete bond beam. 
Shorter passive dowels are to be installed at regular centres to resolve the shear forces from 
the roof diaphragm to the wall lines. Full length passive dowels are to be installed centrally at 
each primary masonry pier to resolve the vertical uplift force component that is generated due 
to the steeply pitched roof diaphragm (see Figure 8).  



Conclusion 

The retrofit scheme that was designed for the Taranaki Cathedral targeted 67%NBS (IL3) 
through interventions including wall grouting, tie-rod installation, limited new foundations, a 
plywood overlay to the roof and wall to roof dowels. Due to the nature and rarity of rubble stone 
masonry in New Zealand, the most relevant assessment and retrofit guidelines were 
researched, and their applicability to this project investigated. This led to the development of a 
step by step methodology for the building performance assessment and retrofit, in which wall 
grouting and tie-rod installation are noted as essential interventions for mitigating the 
delamination risk of rubble stone masonry walls. 

The proposed roof diaphragm strengthening is another significant intervention designed to 
provide out-of-plane stability to the walls and redistribute any masonry wall capacity shortfall 
through reliable load paths. The diaphragm analysis approach was innovative and was 
developed to quantify the transfer diaphragm forces. Roof to wall connections and passive 
dowels are proposed to resolve shear and vertical axial forces generated due to the steep pitch 
of the roof diaphragm.  

The methodology and roof diaphragm analysis approach may be useful to engineers 
undertaking seismic assessments and retrofits of similar rubble stone masonry buildings in 
New Zealand. 
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