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ABSTRACT 
Between September 4, 2010 and December 23, 2011, a series of earthquakes struck the South Island of 
New Zealand including the city of Christchurch producing heavy damage. During the strongest shaking, 
the unreinforced masonry (URM) building stock in Christchurch was subjected to seismic loading equal 
to approximately 150-200% of code values. Post-earthquake reconnaissance suggested numerous 
failures of adhesive anchors used for retrofit connection of roof and floor diaphragms to masonry walls. 
A team of researchers from the Universities of Auckland (NZ) and Minnesota (USA) conducted a field 
investigation on the performance of new adhesive anchors installed in existing masonry walls. Variables 
included adhesive type, anchor diameter, embedment length, anchor inclination, and masonry quality. 
Buildings were selected that had been slated for demolition but which featured exterior walls that had 
not been damaged. A summary of the deformation response measured during the field tests are 
presented. 
 
NOTATION 
Ab cross-sectional area of the steel anchor rods; 
db diameter of the steel anchor rods; 
Es modulus of elasticity of the steel in the anchor rods; 
Ki initial stiffness of the anchor installations; 
Kref reference stiffness computed as AbEs/le; 
le embedment depth of the anchor rods; 
Pmax peak force capacity of the anchor installations; 
Δ0.80 deformation capacity defined at 80% of Pmax; 
Δy deformation at the pseudo-yield point of load-deformation relation for an anchor; 
µ deformation ductility defined as Δ0.80/Δy; 
 
INTRODUCTION  
The seismic resistance of older unreinforced masonry (URM) buildings depends on adequate 
performance of the connections between floor and roof diaphragms, typically made of timber, and the 
walls. These connections usually comprise steel anchors installed at the time of construction, or post-
installed as a retrofit measure. The diaphragm-to-wall connections are generally considered to resist 
tension forces when they are used to connect out-of-plane walls to the diaphragms. The most common 
types of anchors include the through-bolt connection, with anchor plates on the exterior masonry façade, 
and adhesive anchors, with the anchors fully bonded within the masonry and not protruding to the 
exterior façade (FEMA 2006).  
 



         Fig. 1 Failed adhesive 
anchor 

Field reconnaissance made following the 2010/2011 
Canterbury earthquakes revealed many cases in which tension 
anchors joining clay masonry walls with roof or floor 
diaphragms appeared to have failed prematurely (Moon et al. 
2014) as shown in Fig. 1. These observations were less 
common for through-bolt connections (i.e. with anchor plates 
on the exterior façade) than for adhesive anchor connections, 
even though the former is susceptible to punching shear 
failure. Some of the failures were attributed to low shear 
strength of the masonry, wide anchorage spacing, and/or 
insufficient anchor embedment depth. In some cases, the 
reasons for the adhesive anchor failures were apparent, while 
in others the reasons for the failures were not evident from 
visual observation. In general, the construction quality of adhesive anchorages was observed to be poor 
(e.g., insufficient anchorage depths).  
 
The adhesive anchor systems observed in the field reconnaissance utilized threaded steel rods ranging in 
diameter from 10 mm to 20 mm. The threaded rods were typically embedded in the URM walls to a 
depth equal to the wall thickness less 25 - 50 mm and bonded with chemical adhesives. Most of anchors 
encountered in the reconnaissance were positioned horizontally (Dizhur et al. 2011), and there was little 
evidence to suggest the use of bent anchors (i.e. having a minimum angle of 22.5° to a perpendicular 
axis from the plane of the wall) as indicated by FEMA for tension anchors (FEMA 2006). 
 
Subsequent to the post-earthquake reconnaissance, a field test program was undertaken to evaluate the 
performance of adhesive anchor connections in clay brick URM walls. The test program comprised a 
schedule of test anchors installed in three existing URM buildings located in Christchurch and loaded to 
failure. The anchor rods were bonded to the brick masonry using either non-shrink cementitious grout or 
chemical adhesive (i.e. a two-component pre-packaged chemical adhesive commonly known as epoxy. 
The data on the pullout force capacity of adhesive anchors has been reported elsewhere (Dizhur et al. 
2013). Herein, the deformation response of the anchors is reported based on the premise that in cases 
where adhesive anchors have insufficient pullout strength, they may still be able to resist seismic 
demands through inelastic deformation as ductile elements. 
 
FIELD TEST PROGRAM  
The field test program in Christchurch was carried out by a team of 
researchers from the Universities of Minnesota (USA) and Auckland 
(NZ). The program was conducted on three buildings located in the 
Wards Brewery Historic Area in Christchurch. Building A, built 
circa 1881 was the original malt house and displayed heavily 
deteriorated masonry from water exposure, frost damage and 
volumetric movement. Building B, built circa 1910, was a malt lot 
storage building and appeared to be in better condition that Building 
A. Lastly, Building C, built after 1920, was used for barrel storage 
and exhibited the best maintained masonry including relatively 
recent repointing using mortar mixed with Portland cement. All three 
buildings suffered significant damage during the 2010/2011 
earthquakes, and at the time of the field test program they were 
scheduled for demolition. The anchors were installed in the exterior 
façade of walls not exhibiting damage from the 2010/2011 
earthquakes.  
 

Fig. 2 Anchor field test setup 



A total of 170 adhesive anchors were installed and tested in the three buildings, with the overall goal of 
measuring the force and deformation (relative to the wall) exhibited by the anchors under direct tension, 
and to identify the failure modes. Test parameters included the type of adhesive, the strength of the 
masonry, the embedment depth of the anchors, the diameter of the anchors, the configuration of the 
anchors (bent or horizontal), and the presence of metal mesh sleeves (foil tubes). The adhesives included 
three chemical two-part adhesives (i.e. epoxies E1, E2 and E3) and a non-shrink grout (CG). The 
anchors were provided as either 12 mm or 16 mm threaded steel rods. Three embedment lengths were 
considered, 200, 300 and 400 mm. The bent anchors were installed at a 22.5º inclination from an axis 
normal to the wall surface and bent to a horizontal configuration once the adhesive had hardened. The 
foil tubes were obtained from the adhesive suppliers and cut to match the embedment length of the 
anchors. Typically, for each combination of test parameters, at least 5 anchors were installed and tested. 
The tests were conducted according to ASTM standards (ASTM 2003). Material properties are given in 
Table 1, and characteristics for each anchor group are summarized in Table 2. 
 

Table 1 Masonry Material Properties 
Bldg. Compressive Strength (MPa) Joint Shear 

Strength (MPa)  mortar brick 
A 1.50 27.4 0.279 
B 1.34 22.6 0.397 
C --- 13.9 0.615 

 
Standard steel metric threaded rods were cut onsite to the required length and were installed using either 
epoxy adhesives (from three different manufacturers) or cementitious grout (from one manufacturer). 
The anchors were installed according to the manufacturer’s specifications. Epoxy anchors were installed 
in holes having a diameter of the anchor rod plus 2 mm, while the diameter of the hole for the grout 
anchors was the result of a compromise between manufacturer recommendations and the equipment that 
was available at the time of installation. For grout anchors, 22 mm and 24 mm diameter holes were 
drilled for 12 mm and 16 mm anchor rods, respectively. All holes were thoroughly cleaned and 
sufficient volume of adhesive was injected prior to anchor insertion. Due to the rapid absorption rates of 
clay brick, the anchors bonded with grout were installed using a mix with a high water content that was 
applied liberally on the anchor rod as it was slowly inserted (with rotational motion) into a saturated 
hole. Grouted anchors were tested 72 hours following installation, whereas anchors installed using 
epoxy were allowed to cure for at least 24 hours. A hydraulic jack was used to generate the load, a load 
cell as used to measure anchor forces, and displacement transducers were used to measure anchor 
displacement relative to the wall. The testing arrangement is illustrated in Figure 2, including the 
freestanding frame with inline jack and load cell straddling an anchor installation on the wall, and the 
manual hydraulic pump and dial gauge in the foreground. 
 
The masonry properties of the buildings tested as part of experimental study reported here cover a wide 
range of clay brick and mortar properties and are considered comparable to the majority of URM 
buildings located in New Zealand (Lumantarna et al. 2012). A representative number of bed joint shear 
tests were conducted in each tested building, and brick units and mortar samples were extracted and later 
tested in laboratory compression. Material testing was conducted in the form of irregular mortar 
compression tests, half-brick compression tests and bed joint shear tests in accordance with accepted 
standards (Ingham 2011). A summary of masonry material properties is given in Table 1. In addition, 
the majority of the anchor rods that were used in the adhesive anchor connection experimental program 
were of DIN 975 grade 4.8 steel with nominal average ultimate tensile yield strength of 340 MPa. A 
small number of anchors (anchor groups 26, 27, 30 and 31) were cut from DIN 975 grade 8.8 (high-
strength) steel with nominal average ultimate tensile yield strength of 580 MPa.  
 
 



Table 2 Anchor Group Designations 

Group Adhesive db  
(mm) Bldg. le  

(mm) 
Anchor 

Configuration Sleeve Failure 
Mode 

1 E1 12 A 300 H N M 
2 E1 12 A 300 I N M 
3 E1 12 A 300 H S M 
4 E1 12 A 300 I S M 
5 E2 12 B 200 H S M 
6 E2 12 B 200 I S M 
7 E2 12 B 300 H S M 
8 E2 12 B 300 I S M 
9 E2 16 B 300 H S M 
10 E2 16 B 300 I S M 
11 E1 16 A 400 H S M 
12 E1 16 A 400 I S M 
13 E2 12 B 300 H N P 
14 E2 12 B 300 I N M 
15 E2 16 B 300 H N M 
16 E2 16 B 300 I N M 
17 AP 16 B 350 H N M 
18 CG 12 C 200 H N M 
19 CG 12 C 200 I N M 
20 CG 12 C 300 H N M 
21 CG 12 C 300 I N M 
22 CG 16 C 300 H N M 
23 CG 16 C 300 I N M 
24 CG 16 C 400 H N M 
25 CG 16 C 400 I N M 
26 E3 12 C 300 H N N 
27 E3 12 C 300 I N Y 
28 E3 16 C 400 H N Y 
29 E3 16 C 400 I N Y 
30 E3 12 C 300 H S N 
31 E3 12 C 300 I S N 
32 E1 16 C 300 H N --- 
33 E2 16 C 300 H N --- 
34 E2 16 A 300 H N M 

 
 
LOAD-DEFORMATION CHARACTERISTICS  
A typical relation between anchor load and deformation during the tension test of anchor No. 3 is shown 
in Figure 3. The measured force-displacement response features peaks when the pump stroke ended, and 
valleys where creep loss occurred as the pump handle was cocked in preparation for the next stroke. The 
peak values are interpreted as the instantaneous resistance of the anchors, particularly for the dynamic 
environment of seismic excitation. The use of a manual pump enabled a quasi deformation-controlled 
loading procedure, as the pumping action changed the position of the loading piston, and this action 
enabled the measurement of the softening response of the anchors.  
 



Anchor failure modes were complex and typically 
exhibited more than one mode of response. In this 
study, failures are characterized by the primary 
mode and they include masonry cracking and/or 
breakout (M), anchor pullout including the plug of 
adhesive (P), anchor yielding and fracture (Y), and 
anchors that were not loaded to failure (N). The 
load-displacement relation in Figure 3 illustrates 
softening behavior that was common to most of the 
anchor tests, but there were some that were nearly 
elasto-plastic or even slightly hardening. The post-
peak response included gradual softening behavior 
in many cases, or plastic branches followed by 
sudden drops in resistance in other cases. All tests 
exhibited an initial linear branch followed by a 
pseudo-yield region where the latter behavior was 
not associated with actual yielding of the steel 
anchor rod in most cases. In such cases, the 
nonlinearity arose from a variety of sources including pullout of the anchor (with the adhesive plug 
surrounding it), pullout of individual bricks, pullout of groups of brick (typically the course containing 
the anchor), cracking of the masonry units, separation of the units at the bed and head joints, and sliding 
of the masonry along cracked surfaces or open joints. 
 
For anchors exhibiting softening behavior, loading continued until the (1) load had dropped 
significantly, by at least 50% of peak resistance, or (2) the stroke capacity of the jack was reached. 
However, some anchor installations did not exhibit reduction in strength and kept gaining load capacity 
throughout the test. Those anchors were not tested to failure because the test frame was stabilized by the 
reactions. Thus, anchor fractures had to be avoided for the safety of the operators and the equipment.  
 
Several important response parameters are defined in 
relation to the load-deformation response illustrated in 
Figure 3. These include the stiffness of the initial linear 
branch, Ki, the peak force, Pmax, representing the 
maximum resistance of the anchor installation, the 
pseudo-yield displacement, Δy, defined at the intersection 
of the initial linear branch and a horizontal line defined at 
a load equal to Pmax, and the deformation capacity, Δ0.80, 
defined as the displacement at which load resistance 
drops below a threshold equal to 80% of Pmax (and never 
to increase above the threshold in the remainder of the 
test). Because some anchor installations did not lose 
force capacity during the tests, while others did not 
exhibit reductions in strength below 0.8Pmax, the largest 
measured deformation was taken as the deformation 
capacity, Δ0.80, in those cases. Finally, the deformation 
ductility, µ = Δ0.80/Δy, is also defined from the force-
deformation response. 
 
Given the importance of force capacity in force-based seismic design, detailed observations regarding 
pullout force capacity (Pmax) during the tests has been reported previously (Dizhur et al. 2013). Increases 
in embedment length, le, bar diameter, db, and joint shear strength were found to increase Pmax, while this 

Fig. 3 Anchor 3 load vs. deformation response 
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capacity was found to be undermined by bent anchors 
but unaffected by metal foil sleeves. Yet, the 
deformation response, as defined by the parameters Ki, 
Δ0.80 and µ, is important in the event that force capacity 
is insufficient to resist the seismic demands on the 
anchors. In such cases, deformation capacity, Δ0.80, 
represents the ability of the anchors to maintain load 
capacity while the seismic demands are redistributed to 
other less stressed locations (i.e. the ability to allow the 
formation of alternate load paths). Deformation 
ductility, µ, provides an indication of the ability of the 
anchor installation to dissipate energy thereby reducing 
seismic force demands. Finally, the initial stiffness, Ki, 
is relevant because it indicates the deformability under 
more frequent, lower-intensity earthquakes.  
 
Figure 4 illustrates ductility, µ, vs. the deformation 
capacity, Δ0.80 (normalized by anchor diameter, db) for 
the anchor tests. The majority of the tests (~75%) exhibit low to moderate values for both ductility (1.5 
≤ µ ≤ 5) and deformation capacity (0.05db ≤ Δ0.80 ≤ db). However, some anchors exhibited much larger 
ductility (5 ≤ µ ≤ 10) and/or deformation capacity (db ≤ Δ0.80 ≤ 2.5db). But, there is no clear correlation 
between failure mode and either ductility or deformation capacity. Initial stiffness, normalized by a 
reference value Kref = AbEs/le, is also seen to vary widely during the anchor tests (Figure 5). For anchor 
tests 1 to 87 and 165 to 170, the initial stiffness is less than 20% of the reference value, but for tests 88 
to 166, the normalized stiffness values were much larger. The former correspond to tests in two 
buildings (A & B) featuring lower masonry joint shear strength than the building (C) for the latter tests 
(Table 2). 
 
INFLUENCE OF VARIABLES  
The influence of the principal experimental variables is briefly described here in relation to the average 
response of the anchors in the groups defined in Table 1. Sequences of two or more anchor groups are 
selected such that the nominal values of all variables are constant except for the primary variable.  
 
Anchor Diameter 
Figure 6 illustrates a modest improvement in 
initial stiffness, Ki, relative to anchor diameter, 
db, in all of the comparable pairings of anchor 
groups. Not shown here for brevity are the 
ductility and deformation capacities for the 
same anchor group pairings. These plots would 
show similar trends, even though they are not 
as consistent as that observed in Figure 6. 

 
Embedment Depth 
Figure 7 illustrates the influence of embedment 
depth, le, on deformation capacity, Δ0.80, 
normalized by anchor diameter, db. Generally, 
increases in embedment result in larger 
normalized deformation capacities. Nearly 
identical trends are noted if deformation 
capacity was not normalized, but the trends are 

   Fig. 6 Initial stiffness vs. anchor diameter 
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seen more clearly in Figure 7. Initial stiffness and 
ductility, not shown here for brevity, illustrate similar 
trends, and the dependence of initial stiffness on 
embedment length is even stronger than that 
observed for normalized deformation capacity in 
Figure 7. 

 
Type of Adhesive 
Figure 8 illustrates the influence of the type of 
adhesive on deformation ductility, µ, of the anchors 
for select test pairings. While the adhesives were not 
tested, manufacturer specifications and field 
observations indicated that the relative bond 
strengths of epoxy adhesive E3 was greater than that 
of E2, and that of E2 exceeds the strength of E1. It 
was also obvious that the weakest adhesive was the 
cementitious grout (CG). The effect of these relative 
bond strengths is clearly evident on deformation 
ductility, as noted in Figure 8, as well as on 
deformation capacity and initial stiffness (not shown 
here for brevity).  

 
Masonry Quality 
Masonry quality is difficult to assess without a broad 
array of material tests. For the three buildings in this 
study, A had the highest strengths for both the brick 
and the mortar samples, while C had the lowest brick 
sample strengths (and indeterminate mortar strength). 
However, the visible condition of the walls in building 
A was very poor with large expanses of water 
damage, while the walls in building C were in 
excellent condition, including relatively recent 
repointing of the joints with mortar containing 
Portland cement. So it is not surprising that joint shear 
strength measured in-situ was dramatically larger for 
building C than for buildings A or B. However, 
deformation ductility, µ, is observed in Figure 9 to have 
been adversely affected by joint shear strength. A 
similar trend was observed for deformation capacity, 
and only initial stiffness seemed to benefit from larger 
joint shear strength (not shown here for brevity). This 
apparently counterintuitive observation can be 
explained by the higher joint shear strengths generating 
shorter lengths to develop the stress in the anchors. 
Thus, the elongation of the bar, one of the components 
of anchor deformation, is reduced with increasing joint 
shear strength (i.e. less of the anchor length is available 
to deform). A second consideration is that higher joint 
shear strengths inhibit the sliding motion of the anchors 
during pullout. These motions are reduced by the initial 
stiffness which increases with joint shear strength as 
the shorter effective length of anchor results in larger 
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anchor stiffness. However, because there is only one dataset in Figure 9, there is less confidence in this 
observation than in those regarding the other variables. 

 
Metal Foil Sleeves 
Figure 10 shows the ratios of the mean values of 
initial stiffness, Ki, in anchor groups with metal 
sleeves relative to that in a nominally identical 
anchor groups without the sleeves. Ratios of the 
coefficients of variation of the mean are also shown. 
While the results are mixed, Figure 10 suggests that 
the sleeves might, in some cases, disturb the bonding 
mechanism enough to reduce the stiffness of the 
anchor installations. Deformation capacity, on the 
other hand, improved by approximately 25%, and 
ductility was also enhanced by the metal sleeves, but 
to a lesser extent (neither of these are shown here for 
brevity). For all deformation parameters (Ki, Δ0.80, 
and µ) the coefficient of variation generally 
decreased when metal sleeves were used. 

 
Anchor Configuration 
Illustrated in Figure 11 are the ratios of mean 
deformation capacity for inclined (and bent) 
anchor groups relative to that for horizontal (and 
straight) anchor groups. The bent anchors exhibit 
deformation capacities that in all but one case are 
at least 20% larger than that for the corresponding 
horizontal anchor groups. The effect on ductility 
(not shown here for brevity) is mixed with as 
many of the anchor groups benefitting from the 
bent anchor configuration as those that were 
adversely affected. However, the greatest effect 
was noted for initial stiffness (not shown here 
either) for which the average ratio was 
approximately 60%. Additionally, the coefficient 
of variation was generally higher in all 
deformation parameters (Ki, Δ0.80, and µ) for the 
case of bent anchors.  

 
SUMMARY AND CONCLUSIONS 
A field study was conducted with the aim of retrieving perishable data on the capacity of adhesive 
anchors in retrofitted unreinforced clay brick masonry buildings given the prevalence of failed adhesive 
retrofit anchors following the 2010/2011 Canterbury, New Zealand earthquakes. The present paper 
investigates the field data with a view to determine if adhesive anchors have adequate deformation 
characteristics to support the mechanisms of load redistribution (to generate alternate load paths) and 
energy dissipation (to reduce seismic demands) to enhance the survivability of retrofitted URM 
buildings to strong earthquakes. Based on observations made on the suite of 170 anchor tests conducted 
at the Wards Brewery site in Christchurch New Zealand following the 2010/2011 earthquakes, the 
following observations are noted and conclusions drawn. 
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   Fig. 10 Metal sleeve influence on stiffness 
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1. Approximately three fourths of the anchors had deformation ductility factors (1.5 ≤ µ ≤ 5) and 
deformation capacities (0.05db ≤ Δ0.80 ≤ db) that were in the low-to-moderate range. The remaining 
one fourth exhibited much larger capacities (5 ≤ µ ≤ 10 and db ≤ Δ0.80 ≤ 2.5db). 

2. Of the primary experimental variables in the study, anchor diameter, db, embedment depth, le, and 
adhesive type had a positive influence on all three measures of deformation response (Ki, Δ0.80 and 
µ), while joint shear strength had a negative influence on deformation capacity and ductility. 

3. The use of metal foil sleeves (tubes) or bent anchors had a beneficial effect on deformation capacity 
and ductility, but they reduced initial stiffness. The sleeves further reduced the variability of anchor 
response, while the bent anchors increased it. 

4. Without a detailed procedure to determine if an anchor installation will be in the low-to-moderate or 
in the moderate-to-high ranges of deformation capacity and ductility, it is neither feasible nor 
advisable to rely on the anchors to perform as ductile and deformable elements so as to establish 
alternate load paths (by means of internal force redistribution) and reduce seismic demands (by 
means of energy absorption). 

5. Finally, these pull-out force-deformation characteristics only apply for scenarios where an absence 
of cracking can be assured at the location of the anchor, particularly for cracking due to out-of-plane 
actions.  
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