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CLAY BRICK PROPERTIES AND THEIR EFFECTS ON FLEXURAL BOND STRENGTH 

IN MASONRY – A SUMMARY 

By Casie Yuen and Shelley Lissel 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

Absorption (%)

B
o

n
d

 S
tr

e
n

g
th

 (
M

P
a

)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0.0000 0.1000 0.2000 0.3000 0.4000

Sorptivity (mm/s
0.5

)

B
o

n
d

 S
tr

e
n

g
th

 (
M

P
a

)

10.0

15.0

20.0

25.0

30.0

35.0

T0 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Trial

IR
A

 (
g

/m
in

/2
0

0
c
m2

)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.0 10.0 20.0 30.0 40.0 50.0 60.0

IRA (g/min/200cm
2
)

B
o

n
d

 S
tr

e
n

g
th

 (
M

P
a

)

IRA from ten IRA test trial of one SUN brick  

IRA vs. bond strength, 14-day covered                                     

      Sorptivity vs. bond strength, 14-day         
covered  

  Total absorption vs. bond strength, 14-day 
covered   

Numerous masonry bond studies have identified the influential 
factors and attempted to quantify their effects on bond strength.  
Although test programs have been carried out with control and 
care, to isolate and quantify a single factor on bond influence is 
difficult.  Large differences in strength and high variability often 
lead to conflicting and inconclusive results.  

In an attempt to provide more conclusive results, a parametric 
study is proposed. The objectives of this thesis were to re-
evaluate the validity of initial rate of absorption (IRA) as a brick 
property and as a valid bond strength indicator in comparison to 
other unit properties.  Consistencies of IRA and other brick 
properties among individual brick units were investigated and 
compared.  Bivariate correlations between bond strength and 
IRA and bivariate correlations between bond strength and other 
brick properties were determined.  Also, the significance of IRA 
in the presence of other factors was evaluated.  A non-
conventional methodology was also developed in an attempt to 
eliminate highly variable results, but also simulate real-life 
construction practices.  

By using basic data plotting and statistical techniques for all 
data analyses, it was found that the spread and variation in IRA 
were greatest compared to other brick properties.  There was 
inconsistency in IRA from repeated IRA test trials, which affirms 
its questionability as a brick property.  For the three absorption 
properties tested, IRA, sorptivity, and total absorption, the 
correlation between bond strength and IRA was the weakest.  
Based on these observations, IRA may not be the best indicator 
of bond strength as suggested by Canadian masonry standards. 

a) Jig corner piece: M6 hex 
screw embedded  

b) Jig corner piece: Hex screw 
held in place with M6 hex nut  

c) Screw head sitting on brickõs 
bed face  

d) Jig in position and ready 
for use  

Non-conventional method to build brick prisms to 
eliminate highly variable bond strength results  
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PERFORMANCE-BASED DESIGN OF MASONRY AND MASONRY VENEER:  FULL-SCALE TESTING   

By Richard E. Klingner, P. Benson Shing, W. Mark McGinley, David I. McLean, Hussein Okail and Seongwoo Jo  

For the past two years, the masonry industry has been working with university researchers under the National Science 
Foundationõs NEES program to develop performance-based design provisions for masonry and masonry veneer.  On January 25
-27, 2009, this research will culminate with the seismic testing of a full-size wood-stud frame.  In March 2009, a similar structure 
of load-bearing concrete masonry will be tested.  Both structures will be clad with clay masonry veneer and will be tested to 
failure on the NEES large outdoor shaking table of the University of California at San Diego.  Pictures of these structures are 
shown in Figure 1 and Figure 2.   

Both specimens are designed and detailed according to current MSJC requirements, and will provide valuable guidance on 
design and detailing of masonry and masonry veneer in zones of high seismic risk.   

The wood-stud structure will test different types of veneer connectors.  Its north wall will have screw-mounted rigid ties and joint 
reinforcement, spaced at 16 in. horizontally and 24 in. vertically (a òwest coastó solution for SDC E).  Its west wall will have 22-
gage, non-serpentine ties, spaced at 16 in. horizontally and vertically, plus joint reinforcement (a òwest coastó solution for SDC 
D).  Its east and south walls will have 22-gage, non-serpentine ties, spaced at 16 in. horizontally and vertically, with no joint 
reinforcement (an òeast coastó solution for SDC D). 

The CMU structure will test different types of shear reinforcement and different types of veneer connectors.  All walls will use 
deformed reinforcement in bond beams.  Its west side will have bond beams at the bottom course, while its east side will have 
the first bond beam at the required spacing above the top of the foundation. Its north and west walls will use tri-wire joint 
reinforcement and veneer connectors at 16 in. vertically.  Its south and east walls will use double eye-and-pintle connectors at 16 
in. horizontally and vertically, with no joint reinforcement.   

On January 26, 2009, you are invited to join us and our masonry industry colleagues (Table 1) as the wood-stud structure is 
tested to failure.   

Prior to the test, participants will receive background information on the specimens and their expected behavior.   

Just before the test, participants will attend an on-site briefing and tour of the specimen and shaking-table facility. 

During the test, participants will observe specific aspects of specimen performance, such as the comparative performance of 
òwest-coastó and òeast-coastó veneer connectors, or the comparative performance of veneer with and without bed-joint 
reinforcement.  

 

For More Information 

Liaison between this NSF NEES masonry 
testing and our participants from industry 
and elsewhere is being handled through the 
National Concrete Masonry Association 
(NCMA) on behalf of The Council for 
Masonry Research.  If you are interested in 
observing the testing on January 25-27 and 
June 2009, please email Richard Klingner 
(Klingner@mail.utexas.edu) and Bob 
Thomas (rthomas@NCMA.org).  You will be 
placed on an email list for future updates. 

 

Acknowledgements 

This NEES small group project is supported 
by the US National Science Foundationõs 
Network for Earthquake Engineering 
Simulation (NEES), whose program director 
is Dr. Joy Pauschke.  The project is led by 
The University of Texas at Austin.  The 
shaking-table work is being conducted at 
the NSF NEES equipment site at the 
University of California at San Diego, whose 
help and cooperation are gratefully 
acknowledged.  The Council for Masonry 
Research and the Portland Cement 
Association have provided direct financial 
support for this work.  They and other 
masonry industry groups have provided 
materials, testing services and in-kind 
support.  The work described here 
represents the individual and collective 
contributions of the researchers and 
graduate research assistants noted here.  

Fig. 1: Full-size, wood-stud frame structure 
with sheathing, ties and clay masonry veneer, 

gypboard inside  

Fig. 2: Full-size CMU structure with clay 
masonry veneer  

Table 1: Masonry Industry Partners on NSF NEES Masonry Project  

 
 

NSF NEES INDUSTRY PARTICIPANTS 
 

NAME TITLE AFFILIATION EXPERTISE 

J. Gregg Borchelt Vice President, 
Engineering and Research 

Brick Industry Association, 
Reston, VA 

masonry veneer, masonry 
structures, earthquake 
engineering 

John Chrysler Executive Director Masonry Institute of 
America, Torrance, CA 

masonry veneer, earthquake 
engineering, masonry 
constructability 

Jamie Farny Program Manager, 
Masonry and Special 
Products 

Portland Cement 
Association, Skokie, IL 

masonry mortar, masonry 
standards 

Eric Johnson Director of Engineering Brick Industry Association 
Southeast Region, Charlotte, 
NC 

masonry veneer 

Rashod Johnson President The Roderick Group, 
Chicago, IL 

masonry structures, masonry 
constructability 

John Melander Director of Product 
Standards and Technology 

Portland Cement 
Association, Skokie, IL 

masonry mortar, masonry 
standards 

Robert Thomas President National Concrete Masonry 
Association, Herndon, VA 

masonry structures, masonry 
testing 

Diane Throop Director of Engineering International Masonry 
Institute, Annapolis, MD 

masonry structures and 
masonry constructability 

Jason Thompson Director of Engineering National Concrete Masonry 
Association, Herndon, VA 

masonry structures, 
earthquake engineering, 
masonry testing 
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PERFORMANCE OF LAP SPLICES IN CONCRETE MASONRY SHEAR WALLS  

By Jon Zachery Mjelde and David McLean 

This research investigated the performance of reinforcement lap splices in concrete 
masonry shear walls detailed and loaded to represent more realistic conditions. Nine 
concrete masonry shear walls incorporating flexural reinforcement lap splices at the 
bases of the walls were constructed and subjected to in-plane cyclic loading (test setup 
shown in Figure 1). These walls contained longitudinal reinforcement consisting of No. 8 
(M#25) and No. 6 (M#19) bars centered and offset in the cells, and transverse 
reinforcement consisting of No. 4 (M#13) bars in every other course (typical cross-
sections shown in Figure 2). Additionally, nine concrete masonry panels incorporating 
identical lap splices and transverse reinforcement were constructed and subjected to 
direct tension. Evaluations of the performance of lap splices were based on comparisons 
between the two testing phases as well as comparisons to code requirements. There 
appear to be no significant differences in the performance of a lap splice tested in 
direct tension and in-plane flexure. This finding supports the validity of the large amount 
of data and resulting code design equation based on direct tension loading of lap 
splices. 

Results from the lap splice tests of this study confirm that reduced masonry cover 
significantly affects lap performance, supporting the need to address cover for lap 
splice design. Walls containing No. 6 (M#19) bars offset in the cells performed poorly 
with respect to ultimate load resistance, displacement capacity, and peak longitudinal 
reinforcement stresses compared to walls with similar amounts of reinforcement 
distributed in the center of the cells, even when provided with lap lengths of 60 bar 
diameters. 

For the parameters considered in this study, the current MSJC requirements predicted 
the performance of lap splices for No. 6 (M#19) bars centered and offset in the cells 
with reasonable accuracy. However, the provisions appear to be overly conservative for 
lap splices of No. 8 (M#25) bars by roughly 20%; this may be a result of confinement 
provided by transverse reinforcement in the walls. These results also suggest that 
perhaps little or no increase in splice capacity was provided by the transverse 
reinforcement for walls containing No. 6 (M#19) bars.  

Fig.1: Wall specimen prior to testing. All walls 
tested had an aspect ratio of 1.76. 

Fig.2: Cross-sections showing longitudinal and 
transverse reinforcement. All transverse 

reinforcement terminated with standard hooks 

BACKBONE MODEL FOR CONFINED MASONRY WALLS FOR PERFORMANCE BASED SEISMIC DESIGN   

By Zahra Riahi, Kenneth Elwood and Sergio M. Alcocer 

 
In this study, a performance-based model is proposed to simulate 
the seismic behavior of typical confined masonry (CM) walls 
whose response is governed by shear deformations. The 
backbone model is developed using monotonic and reversed-
cyclic experiments assembled in an extensive database, and 
derived through an iterative linear regression analysis. Equations 
are proposed for cracking and maximum shear strengths, and 
cracking, maximum, and ultimate deformation capacities (Table-
1). Owing to the limited data available and inconsistencies in 
observed behavior in some tests, only specimens with two tie 
columns, one on either edge of the wall; multiple longitudinal 
rebar per confining element; no bed joint reinforcement; and no 
openings within the confined panel are considered for model 
development. The effects of openings and panel aspect ratio on 
the strength characteristics of CM walls, the ability of existing 
models to predict seismic behavior of CM walls, and the 
limitations of the proposed equations are discussed in detail. As 
Fig.1 suggests, the proposed model simulates reasonably well the 
seismic behavior of CM walls whose properties conform to the 
assumptions of the model and that correspond to typical CM 
walls.  

Fig.1: Comparison of experimental and proposed backbones for 

conforming specimens (a)Marinilli and Castilla, 2006 (Specimen M1);   

(b) Flores, 2004 (Specimen 601). 

Table 1: Proposed equations of the current study 
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MECHANICS AND BEHAVIOR OF SLENDER, POST-TENSIONED MASONRY WALLS 
SUBJECT TO LATERAL LOADING  

By Jennifer Renae Bean Popehn and Arthur E. Schultz 

INTRODUCTION: Post-tensioning introduces a compressive force to the masonry by means of steel 
tendons (strand or bars) placed within the cavities of the masonry assemblage.  Post-tensioned 
masonry (PTM) walls exhibit the most benefit from the post-tensioning for situations in which 
sustained axial loads are of low magnitude and out-of-plane lateral loads (i.e., wind, earth 
pressure, and inertia forces due to earthquakes) are significant.  Most PTM applications to date 
have been for low-rise wall construction, which are common to residential structures, commercial 
buildings and institutional facilities, as well as retaining walls and free-standing walls (e.g., sound 
barriers).  Prestressed masonry technology is also proving to be highly effective for the 
restoration, retrofit, and repair of existing unreinforced masonry structures.  In order to understand 
the extent to which slenderness affects post-tensioned masonry walls, this study was aimed at the 
development of analysis and design methods for slender masonry walls through both experiments 
and computation using the finite element method.  

EXPERIMENTS: The first phase of this project comprised testing of twelve simply-supported, 
slender post-tensioned masonry walls with the experimental variables being masonry type 
(concrete block or clay brick), type of tendon restraint (restrained or unrestrained), and prestress 
magnitude.  The walls were subjected to monotonically increasing out-of-plane loads in a test 
setup that is illustrated in Fig. 1.  

The general behavior of post-tensioned masonry walls to out-of-plane loading was established 
from observations during the experiments.  The walls exhibited linear, elastic response to the 
distributed lateral loading up to initial cracking, and all specimens underwent large displacements 
before losing their load carrying capacity (Fig. 2).  Member instability due to slenderness was not 
apparent; however, it was noted that the wall aspect ratio (i.e., slenderness) caused increases in 
tendon stress with flexural deformation to become less pronounced in slender walls compared to 
observations made in previous tests of stockier walls.   

Fig. 1: Test setup for slender PTM walls 

Fig. 2: Moment-deflection response 

Fig. 3: Schematic of nonlinear FE model 

Fig. 4: Comparison of force-

displacement response 

The nature of wall response to lateral load depended upon the magnitude of prestress, the restraint condition of the tendons, and the 
type of masonry.  Walls with larger magnitudes of prestress exhibited larger moment capacities and had smaller fluctuations in moment 
resistance after cracking than did those with smaller prestress magnitudes.  Also, walls with restrained tendons displayed slower rates of 
strength degradation after reaching peak capacity than did those with unrestrained tendons.  The differences between the types of 
masonry were small, and these may be related to differences in the unit geometries (the concrete masonry units were 6% thicker than 
the clay brick).  

The behavior of the post-tensioning tendons also had a direct influence on the post-tensioned masonry wall response to lateral loads, 
both in terms of the effective magnitude of stress in the tendon, as well as the tendon location with respect to the centroid of the wall 
section.  Tendon stresses increased during lateral loading, and initiation of this increase corresponded directly to cracking of the 
specimen.  For unrestrained tendons, relative movement with respect to the masonry was noted until contact between the tendon and the 
compression side of the restraints was made.  The movement of the restrained tendons generally coincided with the movement of the 
wall.  

FINITE ELEMENT ANALYSES: The second portion of this project included the development and 
implementation of a nonlinear finite element (FE) model to simulate the response of the walls to the 
applied loads.  DRAIN-2DX (Dynamic Response Analysis of Inelastic 2-Dimensional Structures, an 
extended version) was used to develop the finite element model.  DRAIN-2DX is a two-
dimensional, general-purpose, non-linear finite element program developed at the University of 
California at Berkeley for static and dynamic analysis of 2D structures with linear and nonlinear 
analysis options.  

In this study, the Fiber Beam-Column Element was used to model the masonry in the post-tensioned 
masonry wall system (Fig. 3).  An Inelastic Truss Bar Element was used to model the post-tensioning 
steel elements, which were placed collinear with the masonry elements (shown separately in Fig. 3 
for clarity).  The stress-strain behavior for the truss bar element was idealized with a bi-linear 
definition.  The post-tensioning force was taken into account by specifying a static elemental load 
applied along the element length.  At the top of the wall, a Plastic Hinge Beam-Column Element 
was used to model the rigid link (i.e., a header beam) between the steel nodes and adjacent 
masonry nodes.  To model the degree of restraint between the masonry and steel element nodes, 
a contact element was used.  For this study, the compression element was specified to have a finite 
stiffness in compression and a gap opening in tension.  

The finite element response was reasonably accurate when compared to experimental response 
(Fig. 4).  The initial wall response was observed to be highly dependent upon the tensile (bond) 
strength, and neglecting tensile strength could lead to excessively conservative estimates of section 
flexural strength.  The amplitude of the peak load capacity and the displacement ductility of the 
wall were also noted to be dependant upon the tensile stress-strain relationship, where the load 
capacity at cracking is determined by the bond strength and the descending branch of the tensile 
stress-strain curve defined the post-cracking flexural response of the wall.   

The tendon restraints were observed to play an important role in the behavior of the post-
tensioned masonry walls.  For walls with unrestrained tendons, the location and number of steel 
tube restraints affected the response of the walls to lateral loading: a larger decrease in the post-
peak capacity was noted when contact occurred in only one location (generally at mid-height in 
the experimental tests), while an increase in the post-peak capacity was observed when contact 
could occur over the height of the wall.  
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SERVICE LIFE PREDICTION OF CONNECTORS IN MASONRY VENEER WALL SYSTEMS   
By Mark Hagel and Shelley Lissel 

The service life of a brick veneer wall system generally varies from 25 to 100 years depending on 
the function of the wall. Given that the connectors in brick veneer walls are not maintained with a 
regular maintenance schedule, the expected service life of the connectors in the wall must meet or 
exceed the design life of the wall. The intent of the research was to examine the sources of corrosion 
in six types of masonry veneer wall systems under specific service conditions and determine the 
expected life of the connectors in each wall system.  The materials modeled for the fabrication of the 
connectors were: untreated steel, zinc-galvanized steel and austenitic stainless steel (types 316/304). 
The expected service life of the metal connectors was determined using a simulation that estimated the 
rates of corrosion of connectors embedded in mortar and connectors directly exposed to the wall 
cavity. This was achieved by deriving expressions for chloride ion diffusion and carbonation in the 
mortar and using the ISOCORRAG ð Model A to model corrosion propagation of the connectors both 
exposed to the wall cavity and embedded in the mortar joint micro-environments. ISOCORRAG ð 
Model A is an atmospheric corrosion model. Therefore the parameters describing the atmosphere of 
wall cavity and mortar joint micro-environments were estimated using hygIRC-1D, a one dimensional 
hygrothermal simulation tool, and the environmental data provided in the CSA-A370-04 Connectors 
for Masonry. The ISOCORRAG ð Model A is expressed mathematically as: 

 

The above expression was generated using a classical multiple linear regression applied to the 
corrosion data from metal specimens situated on 28 different sites located in North America, South 
America, Europe, Japan, and Russia (Knotkova et al., 1995). The metric regression coefficients a1, B1, 
B2, and B3 in òModel Aó differ according to the type of metal, shape of the specimen, and exposure 
conditions. Constants for steel, zinc, aluminium and copper specimens were determined under un-
sheltered conditions for both flat coupon and wire helical shapes (Knotkova et al. 1995). Once metric 
regression coefficients have been obtained from the literature, the user estimates the deposit of 
sulphur dioxide [SO2] in µg/m3, the deposit of chloride pollutants [Cl-] in mg/m2/day, and time of 
wetness [TOW] in hours per year, and obtains a resulting annual corrosion rate in µm per year. The 
parameters of the ISOCORRAG ð Model A equation as well as the carbonation and chloride ion 
diffusion times were randomized to create a Monte Carlo simulation which was called the Stochastic 
Tie Service Life Predictor. The result of the Simplified Stochastic Tie Service Life Predictor was an 
initial effort in modelling the service life of connectors in a brick veneer wall system with demonstrated 
correlation to laboratory and historical corrosion (Maurenbrecher & Brousseau, 1993) rate results.  

As can be seen by the results in Table 1 almost all the in-situ tie coating lives fall within the range of 
the minimum and maximum tie coating lives predicted by the randomized Tie Service Life Predictor. 
The range better demonstrates the random nature of the corrosion process and service life than a 
single value, which could be inappropriately used by a designer. 

In addition to the stochastic tie service life predictor, corrosion experiments were conducted and an 
instrument developed that could be used in the field or laboratory to obtain instantaneous corrosion 
rates of ties embedded in mortar. A potentiostat and corrosion probe were used on brick wall and 
brick prism specimens. The linear polarization resistance technique based on ASTM G3-89 was used to 
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Fig. 1:  Brick Prism LPR Schematic  Fig. 2:  Brick Prism LPR Experiment  Fig. 3:Probe and Potentiostat for field Test  

Fig. 4: Results from an LPR Experiment on a Brick Prism 
 with FERO V-ties (November 6, 2006)  

Table 1: Comparison between In-Situ Tie Coating Life and the 
Stochastic Tie Service Life Predictor Coating Life Predictions  

(1) Maurenbrecher & Brousseau, 1993  

Table 2: Corrosion current density and rate of zinc-coated ties    
embedded in prisms  

Table 3: Corrosion current density and rate of zinc-coated ties 
embedded in BVCU wall specimen  

Fig.5: a) Removal of a brick from the BVCU specimen  b) LPR 
experiment on the BVCU specimen 

obtain the instantaneous corrosion rate icorr,  of the ties embedded in mortar from the polarization 
curves obtained with the potentiostat). Fig. 1 and 2 illustrate the apparatus used for the laboratory-
type experiment.  

In Fig. 1, the green arrows represent the flow of electrical current emitted by the Counter electrode 
(C.E.) A brass wire 2 mm in diameter was used for the C.E., represented as the gold rectangle on the 
left in Fig. 1. A copper/copper sulphate (Cu/CuSO4) electrode was used for the reference electrode 
R.E., depicted by the blue and orange object on the right in Fig. 1. The working electrode W.E. is 
attached to the corroding element, in this case a FERO wire V-tie. The actual experiment set-up is 
illustrated in Fig. 2 below.  

The data obtained from the potentiostat are plotted as potential vs. Log current density. The anodic 
and cathodic Tafel slopes are  then estimated (represented by the black lines on the graph in Fig. 3). 
The corrosion current density, in mA/cm2, is obtained by the intersection of the Tafel slopes and the 
line at the open circuit potential (green line in Fig. 3). The intersection of the three lines yields the 
instantaneous corrosion current, icorr, of the corroding corrugated strip tie embedded in the mortar.  

Fig. 3 illustrates the typical results from an LPR experiment on a FERO V-tie embedded in a brick 
prism. In Fig. 4, the corrosion current density, icorr, was determined to be 0.15 µA/cm2. Using Equation 
3.59, which is identical to the ASTM G102-89 - Standard Practice for Calculation of Corrosion Rates 
and Related Information from Electrochemical Measurements, the corrosion rate of the zinc galvanized 
FERO wire tie was calculated. The resulting corrosion rate was equivalent to 2.24 µm/year (15.9 g/
m2/year). This value was close to the theoretical corrosion rate of 2.57 µm/year (18.2 g/m2/year), 
predicted using the ISOCORRAG ð Model A  equation with a TOW of 8760 hours/year (100%/
year), 0 ug/m3 for the sulphur dioxide concentration, and 0 mg/m2/day for the chloride ion 
concentration. Fig. 4 and 5 demonstrates a field-type experimental set-up. The corrosion current 
results were obtained in the same fashion as for the laboratory-type experiments.  

Table 2 and Table 3 illustrate some typical results from the prism (laboratory-type) and wall (field-
type) experiments respectively. In conclusion, the results of the research were: an initial effort in a 
stochastic model of the corrosion rate and resulting service life of steel connectors in brick veneer wall 
systems with demonstrated correlation to laboratory and historical corrosion rate results, an 
experimental procedure that can be used in the lab or field to obtain the corrosion rate of ties 
embedded in the mortar joint of brick veneer walls, and suggestions for future research in the area of 
connector corrosion in brick veneer wall systems. 

 

W  R CE 

Potentiostat 

 


