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ABSTRACT 
 

Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

Joseph Louis Williams 

 

 This master’s thesis presents an investigation on the effects of fatigue on fiber- 
reinforced polymers (FRP) when applied to masonry walls subjected to out-of-plane 
loading.  The project aims to provide further research and add to the general testing 
database of FRP enhanced masonry.  An introduction to the problems and solutions 
associated with unreinforced masonry is discussed along with a literature review on 
previous testing done in the field of FRP enhanced masonry.  The investigation on the 
effects of fatigue on FRP when applied to masonry walls subjected to out-of-plane 
loading is performed through experimental testing.  A total of four wall specimens (6 ft x 
4 ft x 8 in) were constructed.  One of the specimens was left unreinforced and used as a 
baseline for testing while the remaining three specimens were reinforced with carbon 
fiber reinforced polymer (CFRP) strips designed to take the out-of-plane loads capable of 
creating the cracking moment in the unreinforced wall.  The material testing, construction 
of the test specimens, and CFRP application are all presented in this thesis.   
 With the use of an oscillating shake table to generate the out-of-plane loading, the 
walls were fixed at the base and cantilevered from the shake table.  By determining the 
frequency and amplitude that generated the cracking moment in the baseline unreinforced 
wall, the remaining three CFRP reinforced walls were tested at the same frequency and 
amplitude.  The results from the testing of the three CFRP reinforced walls are presented 
along with time histories showing the shake table displacement and wall’s tip 
displacement versus time.  In general, fatigue of masonry walls reinforced with CFRP 
strips can be managed as long as the out-of-plane reinforcement has sufficient strength 
and development length.  Additional findings were made as a result from the testing.  The 
development length of a vertical CFRP strip can be increased by adding a horizontal 
CFRP strips near the critical section and surface damage to CFRP may have severe 
consequences.   
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1.0 PURPOSE 

 This Master’s thesis investigates the effects of fatigue (the tendency of a material 

to break under repeated stress) on carbon fiber-reinforced polymers (CFRP) when applied 

to masonry walls subjected to out-of-plane loading.  In order to determine the fatigue 

effects on CFRP and masonry, experiments were performed on specimens of masonry 

walls with CFRP under simulated forces comparable to those experienced by walls 

exposed to out-of-plane loads.  The simulating force was provided through the use of an 

oscillating shake table.    

Currently, information and experimental testing relevant to fatigue of FRP applied 

to masonry are scarce.  This project aims to provide further research and add to the 

general testing database of CFRP enhanced masonry.    
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2.0 INTRODUCTION 

Unreinforced and under-reinforced masonry (URM) walls are highly susceptible 

to failure due to extreme out-of-plane loading as well as failure due to fatigue from out-

of-plane loads.  Out-of-plane loading on walls can occur when high wind loads, seismic 

loads, or blast loads arise, causing brittle failure of masonry walls, which may in turn 

cause detriment to lives and the collapse of masonry structures (Carney and Myers 2003).   

 Some possible solutions to strengthening URM walls for out-of-plane loading 

include the following: 

• Adding rebar and epoxy grout into vertical drilled holes in URM walls 

• Adding an adjacent reinforced concrete wall tied to the existing URM walls 

• Adding externally bonded strips fiber reinforced polymers (FRP) to the existing 

URM walls (U.S. Department of Air Force 2000) 

For many cases, adding externally bonded strips of FRP offers the most practical 

solution for strengthening URM walls.  URM walls strengthened with FRP provide high 

strength for bending and high modulus of elasticity for deflection without introducing 

added weight to the structure.  In addition, using FRP versus other methods to strengthen 

URM walls reduces both installation cost and down time of the occupied structure while 

under construction (Hamilton and Dolan 2001).  

 

 



3.0 Background   3 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

3.0 BACKGROUND 

Fiber reinforced polymers (FRP) are made up of thousands strands of fibers 

woven together into a fabric.  Two main types of FRP are available: glass fiber reinforced 

polymers (GFRP) and carbon fiber reinforced polymers (CFRP), both of which can be 

seen in Figure A and Figure B.   

 
Figure A: Glass Fiber Reinforced Polymers1 

Source: Edge Structural Composites 2003 B 
 

 
Figure B:  Carbon Fiber Reinforced Polymers1 

Source: Edge Structural Composites 2003 C 
                                                 
1 Edge Structural Composites 
21811 8th St East 
Sonoma, CA 95476, USA  



3.0 Background   4 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

    
The strengths of both GFRP and CFRP vary among proprietors, but generally, 

CFRP boasts higher tensile strengths and a higher modulus of elasticity than GFRP.  

Unfortunately, CFRP tends to cost more than GFRP. 

The material properties of GFRP and CFRP also vary depending on orientation of 

the fibers making up the FRP fabric, known as the weave pattern.  The two types of FRP 

weave patterns are unidirectional and bidirectional.  A unidirectional FRP has material 

strength in only one direction parallel to the orientation of fibers, while a bidirectional 

FRP has material strength in two orthogonal directions.    

 FRP is applied to masonry using epoxy resins.  Epoxy resins are manufactured by 

FRP proprietors and vary in material properties such as strength, viscosity, bond strength, 

and cure time.  Before the FRP can be applied to masonry, the masonry surface must be 

prepared.  In order to prepare the masonry for the FRP installation, the surface must be 

cleaned form all contaminants and then lightly roughened with a wire brush or sand 

blasted.  Applying FRP to a prepared masonry surface follows five steps, which may also 

vary among proprietors (HJ3 Composite Technologies 2001 A).  The five steps in the 

application process are as follows: 

1. Apply a primer coat to the prepared masonry surface. 

2. Apply a coat of epoxy resin to the still-tacky primed surface. 

3. Press the dry or saturated FRP fabric onto the surface without trapping air 

bubbles. 

4. Apply a final coat of epoxy resin on top of the fabric. 
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5. Apply paint or a protective coating, if desired, while the final resin coat is still 

tacky. 

After the application of the FRP is complete, the final product should cure for 

ample time, sufficient to completely harden the FRP to the touch.  The time in which the 

epoxy resins cure depends upon the product and the ambient conditions.  The cure can 

last anywhere from 1 to 6 hours.  Once the product has been applied, the FRP should not 

be disturbed for a minimum of 24 hours (QuakeWrap 2008 A).     
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4.0 LITERATURE REVIEW 

 The following literature review discusses published experimental research that 

applies to fiber reinforced polymers (FRP), masonry, and/or out-of-plane loading on 

masonry walls.   

 A substantial amount of experimental research has been conducted in the field of 

applying FRP to unreinforced masonry (URM) to resist out-of-plane loads.  In 2001, S. 

A. Hamoush et al. performed tests on fifteen concrete masonry unit (CMU) wall panels (4 

ft x 6 ft x 8 in).  Twelve panels were assembled with fiber-reinforcing systems attached to 

the tension side, and three control panels were left without external reinforcement.  Two 

configurations of external reinforcement were tested.  The first reinforcement 

configuration consisted of two layers of FRP webbing, and the second configuration 

consisted of vertical and horizontal bands of unidirectional fiber composites.  Two 

methods of surface preparation were tested: sand blasting and wire brushing.  Three wall 

panels were tested for each variable.  Each wall panel was tested with a uniformly 

distributed load applied by airbags.  Failure loads, strains in the FRP, out-of-plane 

deformations, and failure modes were recorded.  The tests showed that the flexural 

strength of masonry walls can be increased if the shear failure is controlled (Hamoush, 

McGinley, Mlakar, Scott, and Murray 2001). 

 S. A. Hamoush et al. performed further experimental research in 2002 to build on 

the findings from their 2001 research.  The next set of experiments evaluated the out-of-

plane shear strength for masonry walls and the influence of the area of externally bonded 
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FRP composites on the shear strength of the system.  Eighteen CMU wall panels (3 ft x 2 

ft x 8 in) were tested for static out-of-plane loads under four-point loading.  Nine of the 

walls were reinforced with two layers of glass fiber reinforced polymers (GFRP) on the 

tension side of the wall, and the other nine were reinforced with only one layer of GFRP 

on the tension side.  The variables evaluated included three layout configurations and two 

reinforcement ratios.  The failure load, mid-span deflection, and failure modes were all 

recorded.  The tests showed that the out-of-plane shear strength of the CMU walls was 

constant over all the variables tested.  Hamoush concluded that the MSJC code-defined 

shear strengths may not be as conservative as assumed based on the measured shear 

strength of the masonry wall specimens (Hamoush, McGinley, Mlakar, Terro 2002). 

 H. R. Hamilton also performed experimental research on out-of-plane CMU walls 

with FRP in 2001.  Six URM walls (four 6 ft and two 15 ft 4 in tall) were tested in out-of-

plane flexure up to capacity.  The walls were strengthened with GFRP composite 

composed of unidirectional glass fabric with an epoxy matrix.  The composite was 

applied to the surface of the masonry using the same epoxy with the fibers oriented 

perpendicular to the bed joints.  General flexural strength design equations from the 1999 

MSJC were compared with the results of the testing.  Hamilton’s experiments found that 

the equations over-predicted the actual capacity of the test specimens by no more than 

20% (Hamilton and Dolan 2001).  

 While limited experimental research has been conducted on fatigue of FRP 

applied to masonry, some research has been conducted on the fatigue behavior of 
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reinforced concrete with FRP. In 2005, Gussenhoven and Breña performed experimental 

research on the fatigue behavior of reinforced concrete beams strengthened with different 

FRP laminate configurations.  Thirteen concrete beams with carbon fiber reinforced 

polymer (CFRP) were tested under repeated loads to investigate their fatigue behavior.  

The beams were strengthened using different thicknesses and widths of CFRP laminates 

to identify the parameters that would generate different failure modes.  Two main fatigue 

failure modes were identified through testing: fatigue of the steel reinforcement with 

debonding of the composite laminate and fatigue fracture of the concrete layer below the 

tension reinforcing steel, also called concrete peel off.  The testing results indicate that 

peak stresses applied to the reinforcing steel in combination with carbon FRP laminate 

configuration are the main parameters that affect the controlling failure modes 

(Gussenhoven and Breña 2005).  Although Gussenhoven’s experiments were performed 

on reinforced concrete, the testing results might provide a prediction of a possible failure 

mode that could be expected in experimental research on FRP enhanced masonry.  

Debonding of the composite laminate would most likely fail FRP enhanced masonry.  
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5.0 EXPERIMENT  

An experiment was conducted to investigate the effects of fatigue on carbon fiber 

reinforced polymer (CFRP) when applied to masonry walls.  This experiment consisted 

of the testing of four 6ft x 4ft x 8in cantilevered CMU walls: one unreinforced masonry 

(URM) wall and three walls reinforced with CFRP strips applied to each side of the wall.  

Surface preparations and FRP application were practiced per the manufacturer’s 

specifications.  

The flexural demands on the cantilevered walls determined CFRP reinforcement.  

This flexural demand was equivalent to the nominal cracking moment strength (Mcr) of 

the URM wall.  Mcr is the moment at which the wall begins to crack and therefore would 

engage the FRP reinforcement.  The cracking moment of the URM wall was used as the 

design moment for the FRP reinforcement.  The design moment for the FRP 

reinforcement of the three testing walls used the same maximum moment induced into 

each wall. 

In order to load the walls out of plane, the Pegasus (model # 5622A) shake table, 

as seen in Figure C, was used to induce the necessary cracking moment for each wall.     
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Figure C:  Pegasus Shake Figure model # 6622A 

Source: Author Photo 
 

The Pegasus shake table is located in the Seismic Lab of the Architectural 

Engineering Department at California Polytechnic University (Cal Poly), San Luis 

Obispo, CA.   

Each wall was subjected to a sinusoidal oscillation for 5,000 cycles or until 

failure, due to fatigue.  Both the displacement at the top of the wall and the table 

displacement were measured for the duration of all tests.  Both the wall’s tip deflection 

and the table displacement were recorded on a computer for the duration of each test.   
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5.1 Hypothesis  

 When an out-of-plane moment is applied to the masonry wall, one side of the wall 

will be subjected to compression stresses while the other side will have tension stresses.  

On the tension side of the wall, the externally bonded FRP will experience these tension 

stresses due to strain compatibility.  The critical section of FRP under tension, where 

failure is expected to occur, is at the mortar joint above the first course of CMU where 

the section has less moment capacity and the demand is the highest (see Figure D).   

 
Figure D:  Vertical Section of CMU Wall of Suspected Failure at Mortar Joint 

Source: Author Diagram 
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Since the applied moment is highest at the base, the wall will crack at the mortar 

joint above the first course of CMU when the applied moment reaches the wall’s cracking 

moment.  When the wall begins to crack at the mortar joint, the FRP will engaged and 

will be stressed in tension.  The stressed FRP strip will elongate causing the epoxy resin 

to crack.  Under repeated stressing, the FRP strips will continue to elongate and begin to 

debond from the masonry around the mortar joint.  Over a long period of loading and 

unloading, the FRP will continue to debond and crack causing the masonry wall to lose 

strength and may even fail due to fatigue. 
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5.2 Equipment Verification 

 Before testing of the masonry walls began, the calibration of the Pegasus shake 

table was verified.  In order to verify the calibration of the Pegasus, a LED Based Linear 

Displacement Sensor (Banner L-Gage model # Q50BVU, see Appendix A for product 

specifications) was installed to record the displacement of the shake table.  The shake 

table was cycled at different frequencies with 0.5 inch amplitude, the same amplitude 

used for testing the walls (see section 5.8 Estimation of Wall Loading Input Function).   

 The input frequency and amplitude of the table were compared to the output 

frequency and amplitude recorded to investigate any variation in results.  The input 

frequencies and amplitude matched the output with less than 1% difference for 

frequencies ranging from 0.1 to 10 hertz.  When running the table at frequencies greater 

than 10 hertz, there was a significant drop in amplitude.  This drop in amplitude is due to 

the fact that the shake table does not have sufficient capacity to run at high frequencies 

with 0.5 inch amplitude.   

 Although there was a discrepancy in verification results at table frequencies 

greater than 10 hertz, the table was still adequate for the testing of the masonry walls.  

The shake table was adequate for testing with a 0.5 inch amplitude because it was 

determined that accelerations capable of generating the cracking moment of the wall 

could be achieved with frequencies less than 10 hertz.   
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5.3 Testing Set Up 

 Figure E and Figure F show schematics of how each wall was attached to the 

shake table.   

 

Figure E:  Side View of CMU Cantilever Wall Testing Schematic 

Source: Author Diagram 
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Figure F:  Plan View of CMU Cantilever Wall Testing Schematic 

Source: Author Diagram 

 Each wall was constructed on ½” steel plate prefabricated with anchor bolts.  The 

cells of each CMU were fully grouted and cured for 28 days.  The walls were then lifted 

with a forklift onto the shake table.  The forks on the forklift were positioned so that they 

straddled the wall on both sides.  Chains were then attached to the holes in the ½” steel 

plate base beneath the walls, shown in Figure E, and then wrapped around the forklift’s 

forks.  The walls were then lifted and positioned into place atop the metal channel on the 

shake table.  Next, metal angles were bolted snug against each side of the wall and to the 

metal channel.  Steel angles welded to the metal channel were then bolted to the shake 

table.   



5.0 Experiment   16 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

5.4 Materials 

 Except as noted below, all materials were either donated or purchased from the 

manufacturer. The following lists materials used to complete the experiment: 

• 8” CMU (f’CMU = 1900 psi) – Purchased from Air Vol Block, Inc., San Luis 

Obispo, CA 

• Mortar (Quikrete Mason Mix Type S Mortar) – Purchased from Air Vol Block 

• Grout (Coarse) – Donated by Cal Poly 

• CFRP (Velacarb 335 U) – Donated by Edge Structural Composites, Sonoma, CA 

(Edge Structural Composites 2003 A) 

• Epoxy Resin (Veloxx LR) – Donated by Edge Structural Composites, Sonoma, 

CA (Edge Structural Composites 2003 F) 

• ½” Steel Plate – Purchased from Premier Steel, Anaheim, CA 

• Steel Angles (L5x5x½ & L5x3.5x½)– Purchased from Premier Steel, Anaheim, 

CA 

• Steel channel (MC18x58) – Purchased from Premier Steel, Anaheim, CA 

• General tools used for building provided by the College of Architecture and 

Environmental Design (CAED) Support Shop at Cal Poly, San Luis Obispo, CA 

5.4.1 Material Testing and Properties 

 In order to determine the strengths and properties of the materials used for the 

wall construction, four tests were performed.  The following is a list of the four tests 

performed and the material property that was determined: 
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• Grout Cylinder Test – used to determine the grout compression strength (f’g) 

• Mortar Cube Test – used to determine the mortar compression strength (f’mortar) 

• Prism Test – used to determine the masonry assemblage compression strength 

(f’m) 

• Modulus of Rupture Test – used to determine the modulus of rupture (tension 

strength) of the masonry assemblage (fr) 

 The procedure and results for each of the test are given in this section.   

5.4.1.1 Grout Cylinder Test 

 In order to determine the grout compression strength, grout cylinder tests were 

performed on samples of the grout used to construct the walls.  The grout mix design 

used for testing was in accordance with MSJC recommendations for Grout Proportions 

by Volume for coarse grout and shown in Table A (MSJC 2008).     

Table A:  Coarse Grout Proportions by Volume per MSJC 
 
 
 
 
 
 
 
 
 The dry ingredients were placed in a concrete mixer and were mixed together.  

Water was added until the mix achieved a consistency that had an 10 inch slump.  Three 

samples of the coarse grout mix were then prepared per ASTM C1019.  The samples 

were placed in 6 inch diameter by 12 high plastic cylinder molds.  The grout cylinders 

Coarse Grout Proportions by Volume Used for Testing 
Aggregate Grout 

Type Cement 
Coarse Fine 

Coarse 1 1.5 2.625 
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were allowed to dry cure for 28 days in order to reach ultimate strength.  The grout 

samples are shown in Figure G.   

 

Figure G: Grout Cylinder Samples  
Source: Author Photo 

 
 
 Once the samples were released from their molds, the ultimate compressive 

strength was determined for each sample using the Forney Testing Machine (model # 00-

50-106) shown in Figure H.   
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Figure H:  Forney Testing Machine used for Grout Cylinder Test 
Source: Author Photo 

 
 Each grout cylinder was placed in Forney Testing Machine where the cylinders 

were subjected to axial load.  The axial load was increased until the cylinders crushed, 

shown in Figure I.    
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Figure I:  Crushed Grout Cylinder  
Source: Author Photo 

 The ultimate load that crushed the cylinders was then recorded and the ultimate 

stress, f’g, was calculated by dividing the ultimate load by the area of the cylinder.  The 

results from the grout cylinder tests are presented in Table B.   

Table B:  Results from Grout Cylinder Test 
 

Results from Grout Cylinder Test 
Cylinder 

# 
Ultimate Load, 

P (lbs) 
Area = π(dia.)2/4,  

A (in2) f'g = P/A (psi) 

1 119000 28.27 4209 
2 96000 28.27 3395 
3 116000 28.27 4103 

  

 The mean grout compressive strength from the three tests was, f’g = 3902 psi.  

This mean f’g from testing is comparable to the mean f’g tabulated in Table C-8 of the 
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MSJC.  The MSJC gives three mean grout compressive strengths from three different 

tests as follows:  f’g = 3106 psi, 4145 psi, and 5455 psi (MSJC 2008).  The f’g = 3902 psi 

from testing is between the acceptable compression strengths in the MSJC.   

 
5.4.1.2 Mortar Cube Test 

 In order to determine the mortar compression strength, mortar cube tests were 

performed on samples of the mortar used to construct the walls.  The mortar cube test, per 

ASTM C109/C109M, required the preparation of 2 in x 2 in x 2 in samples of mortar that 

were tested for their ultimate compressive strength.  The mortar mix used for testing was 

Quikrete Mason Mix Type S Mortar.  The mortar mix was mixed with the specified 

quantity of water per the Quikrete specifications.  Three samples of the type S mortar 

were prepared and placed in 2 inch mortar cube molds made out of plywood.  The mortar 

cubes were allowed to dry cure for 28 days.  The mortar cubes are shown in Figure J.   

 

 Figure J:  Mortar Cubes  
Source: Author Photo 
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 Once the samples were released from their plywood molds, the ultimate 

compressive strength was determined for each sample using the Riehle Universal Testing 

Machine (model # FS-3600) shown in Figure K.   

 

Figure K:  Riehle Universal Testing Machine used for Mortar Cube Test 
Source: Author Photo 

 Each mortar cube was placed in Riehle Universal Testing machine where the 

cubes were subjected to axial load.  The axial load was increased until the cubes crushed, 

shown in Figure L.    
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Figure L: Crushed Mortar Cube 
Source: Author Photo 

 The ultimate load at which the mortar cubes crushed was then recorded and the 

ultimate stress, f’mortar, was calculated by dividing the ultimate load by the area of the 

cube.  The results from the mortar cube test are presented in Table C.   

Table C:  Results from Mortar Cube Test 
 

Results from Mortar Cube Test 
Cube 

# 
Ultimate Load, 

P (lbs) 
Area = 2 in x 2 in, 

A (in2) 
f'mortar = P/A 

(psi) 

1 9350 4 2338 
2 9950 4 2488 
3 10800 4 2700 

 

 The mean mortar compressive strength from the three tests was, f’mortar = 2508 

psi.   
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5.4.1.3 Prism Test. 

 In order to determine the compression strength of the masonry assemblage, prism 

tests were performed on masonry prisms constructed with samples of the CMU, mortar, 

and grout used to construct the walls.  Three prisms were constructed, per ASTM C1314, 

using 8” x 8” x 16” CMU’s, three courses high, bonded with Type S mortar, and then 

fully grouted with the course grout.  The masonry prisms were allowed to dry cure for 28 

days, after the grout was placed, in order to reach ultimate strength.  In order to have 

enough prisms for the modulus of rupture test, the prisms were cut in half vertically using 

a wet cutting masonry saw.   One half of each of the three prisms was used for the prism 

test and the other half was saved to be used for the modulus of rupture test, discussed 

later.    

 The ultimate compressive strength for each half prism was determined using the 

Riehle Universal Testing Machine (model # FS-3600) shown in Figure M.   
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Figure M:  Riehle Universal Testing Machine used for Prism Test 
Source: Author Photo 

 Each prism was placed in Riehle Universal Testing machine where the prisms 

were subjected to axial load.  The axial load was increased until the prisms crushed, 

shown in Figure N.    
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Figure N: Crushed Masonry Prism 
Source:  Author Photo 

 The ultimate load at which the prisms crushed were then recorded, and the 

ultimate stress, f’m, was calculated by dividing the ultimate load by the area of the prism.  

The results from the prism test are presented in Table D.   

Table D:  Results from Prism Test 
 

Results from Prism Test 
Prism 

# 
Ultimate Load, 

P (lbs) 
Area = 75/8 in x 75/8 in, 

A (in2) 
f’m = P/A 

(psi) 

1 94000 58.14 1617 
2 89000 58.14 1531 
3 82500 58.14 1419 



5.0 Experiment   27 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

 

 The mean compressive strength from the three prism tests was, f’m = 1522 psi.  

This mean f’ m from testing is very comparable to that tabulated in Table 2 of the MSJC.  

For a CMU with compressive strength equal to 1900 psi, with Type S mortar, and fully 

grouted, the MSJC gives a f’ m equal to 1500 psi.  Therefore the f’m from testing is only 

1.47% higher than that tabulated in the MSJC.   

5.4.1.4 Modulus of Rupture Test 

 In order to determine the modulus of rupture of the masonry assemblage, the 

Modulus of Rupture Test was performed per ASTM C1072 on three specimens of the 

masonry prisms.  The Modulus of Rupture Test was conducted by applying an eccentric 

axial load (P) to the masonry prism as shown in Figure O.   

 

Figure O: Modulus of Rupture Test Schematic 
Source:  Author Diagram 
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 The eccentric load causes the prism to be under combined axial and bending 

stresses.  Once the modulus of rupture is reached in the prism, the prism fails in flexure.  

The modulus of rupture (fr) for the masonry assemblage can then be calculated by 

determining the flexural stress in the prism at the applied failure load.  The flexural stress 

in the prism is given by the combined stress equation from ASTM C1072: 

 
bt
P

bt
PL6f 2r −=  Eq. 1 

 where P is the applied load 

  L is the distance from the center line of the prism to the load point 

  b is the width of the prism section 

  t is the thickness of the prism section              

 In equation 1, the flexural stress is calculated by summing the stress due the axial 

load with the stress due to the moment caused by eccentric loading.  It is noted that 

tension stress is taken to be positive, hence the negative sign in front of the axial term in 

equation 1.   

 Three of the masonry prisms left over from the prism test were then cut down 

with a wet cutting masonry saw so that the prisms were two CMU’s high.  The prisms 

were then subjected to the eccentric axial load with the use of the Riehle Universal 

Testing Machine (model # FS-3600) shown in Figure P.   
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Figure P:  Riehle Universal Testing Machine used for Modulus of Rupture Test 

Source:  Author Photo 

 Figure N shows the masonry prism placed in the testing machine.  The bottom 

coarse of the prism was fixed to the base of the machine.  An apparatus was created by 

welding a steel channel to the top of two angles, and was then clammed to the top of the 

prism in order to apply the eccentric load.  The eccentric axial load was applied at a 

distance 8 inches from the edge of the prism.  The applied load was increased until the 

prisms failed in flexure, shown in Figure Q.    
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Figure Q:  Prism Failing in Flexure 
Source:  Author Photo 

 As seen above, the prism fails in flexure at the mortar joint where the applied 

eccentric load induces the cracking moment in the prism section.  The ultimate load at 

which each prism failed was recorded and the modulus of rupture was calculated using 

Equation 1.  The results from the modulus of rupture test are presented in Table E.   
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Table E:  Results form the Modulus of Rupture Test 

 
Results from Modulus of Rupture Test 

Prism # Ultimate Load 
P  (lbs) 

L       
(in) 

width     
b (in) 

Thickness  
t (in) 

fr     
(psi) 

1 1865 11.81 7.625 7.625 266 
2 2175 11.81 7.625 7.625 310 
3 1820 11.81 7.625 7.625 260 

 

 The mean modulus of rupture from the three tests was, fr = 280 psi, and was used 

to determine the cracking moment of the URM wall for the experiment.  The modulus of 

rupture from testing is much higher than that tabulated in Table 3.1.8.2.1 in the MSJC.  

The MSJC gives an allowable fr equal to 200 psi, parallel to bed joints for fully grouted 

hollow units, with type S mortar, in a running bond (MSJC 2008).  Therefore, the fr from 

testing is 40% higher than that tabulated in the MSJC.   
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5.5 CFRP Design 

 The design of the CFRP strengthening system was based on the strength design 

approach, allowed by the Masonry Standards Joint Committee (MSJC 2008).  The 

strength design approach is very practical for FRP design since FRP suppliers provide 

ultimate tensile strength for their composite system as part of their manufacturer product 

information.  The ultimate tensile strength can be used in limiting the amount of 

reinforcing used as well as capacity prediction.   

5.5.1 Strength Equations for FRP Design  

 Before discussing the out-of-plane CFRP design for the URM walls, the 

derivation for the nominal moment capacity for masonry reinforced with FRP is shown.  

The derivation is a simplified analytical method based on the following five assumptions: 

• Linear stain distribution through the full depth of the wall 

• Small deformations  

• No tensile strength in the masonry block 

• No slip between the FRP and the masonry wall 

• Plane sections remain plane (Hamoush, McGinley, Mlakar, and Terro 2002) 

 To derive the strength equations for the flexural design of the FRP enhanced 

masonry walls, a free body diagram of the cross section of the masonry wall was 

analyzed.  Figure R is a labeled cross section of a masonry wall reinforced with FRP.   
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Figure R:  Derivation of Strength Equations for FRP Reinforcements 

Source: Author Diagram 

 The stress-strain relationship of the FRP was considered to be linear elastic, while 

the stress-strain relationship of the masonry is modeled as an idealized uniform stress 

block.  The maximum stress in the idealized stress block was taken to be 80% of f’m 

based on the equation 3-28 in the MSJC (MSJC 2008). The ultimate compression strain 

in the masonry was assumed to be 0.003.   

 Displayed on the right side of Figure R, are the internal wall forces, at capacity, 

for a CMU wall externally reinforced with FRP.  Because of the small thickness of the 

FRP relative to the thickness of the wall, the effective depth d will be taken as equal to 

the specified wall thickness t (d = t).  The effective width, b corresponds to the spacing of 

the FRP reinforcing along the length of the wall.  It shall be noted that the effective 

flange width is limed due to shear lag.  Based of the MSJC, the spacing of reinforcement 

shall be limited to 6 times the nominal wall thickness, or 72 inches maximum (MSJC 

2008).   
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 By summing the moments created by the internal wall forces to zero at the 

compression resultant force, Cm, the equation for predicting the flexural capacity of the 

wall section is as follows: 

 ⎟
⎠
⎞

⎜
⎝
⎛=

2
a-dTM FRPn  Eq. 2 

 
bf'0.8

Ta
m

FRP=  Eq. 3 

 where Mn  is the nominal moment capacity in flexural bending 

  TFRP  is the FRP strip capacity 

  a  is the depth of the equivalent stress block for masonry in compression  

 The strip capacity can also be expressed as: 

 ( )FRPuFRPFRP fbT =  Eq. 4 

 where bFRP  is the width of the FRP strip 

  fFRPu  is the FRP capacity in terms of force per unit width  

 Equations 2, 3 and 4 are used to determine a reinforced section’s nominal moment 

capacity.  In order for these equations to be used for design, there needs to be an estimate 

of the width of the FRP strip (bFRP).  To estimate bFRP, the moment arm (jd) between the 

internal compression and tension forces must be assumed.  For tension controlled 

sections (where the FRP fails in tension before the masonry crushes), it is assumed that j 

ranges from 0.9 to 0.95.  Therefore, bFRP can be estimated using equation 5.   

 
FRPu

n
FRP fdj

Mb =  Eq. 5 
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 Once the width of the FRP strips is estimated, the nominal moment capacity on 

the masonry section under consideration can be determined using equations 2, 3, and 4.  

If the nominal moment capacity is greater than the design moment, then the section is 

adequate.   

5.5.2 Nominal Cracking Moment 

In order to determine the required CFRP reinforcement for the walls, the moment 

(Ma) must be determined.  The applied moment for the experiment was based on the 

cracking moment (Mcr) of the wall.  Therefore Ma is equal to Mcr.  To determine Mcr of 

the wall, the modulus of rupture (fr) was determined based by experimental testing 

discussed in section 5.4.1.4.  The modulus of rupture normal to the bed joint for full 

grouted CMU’s with Type S mortar was determined to be, fr = 280 psi.  Assuming 

tension being positive and the masonry wall remains elastic until cracking occurs, the 

cracking moment was determined using the equation:  

 
gg

cr
r A

P
s

Mf −=  Eq. 6 

 where P  is the dead load of the wall (estimated at 10 psf per in of masonry) 

  Ag  is the gross cross-section area of the masonry wall 

  Sg  is the section modulus of gross sectional area of the masonry wall 

Eq. 6 is the combined stress equation for a member undergoing elastic bending 

and compression.  Solving Eq. 6 for Mcr, the results are as follows: 
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 The cracking moment for the unreinforced wall is 11,053 lbs-ft.  This moment 

will be the maximum applied moment the walls will undergo during the fatigue test and 

will be used to size the CFRP reinforcement for the experiment reinforced walls.   

 

5.5.3 Flexural Design of CFRP for Experiment  

The product information for the VELA-CARB 335 CFRP, used in the experiment, 

was provided by Edge Structural Composites and is shown in Figure S.   
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Figure S:  VELA-CARB 335U Product Information 

Source:  Edge Structural Composites 2003 A 



5.0 Experiment   38 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

 As seen in the Figure Q, the ultimate strength per unit width (fFRPu) for the VELA-

CARB 335U is 3450 lbs/in.  This value was used in determining the required CFRP 

reinforcement for the flexural strengthening of the URM walls for the experiment.   

 In order to design the CFRP, the width of CFRP (bFRP) required was estimated.  

To estimate bFRP, the moment arm between the internal compression and tension forces is 

jd, where j was assumed to be 0.93.  By using Equation 5, the width of CFRP required to 

withstand the wall’s cracking moment was determined as follows.   
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 The required width of FRP was determined to be 5.42 inches.  If two equally 

spaced, 3 inch strips of FRP were used, then the total width would be 6 inches, which is 

greater than 5.42 inches.  Therefore, the wall section’s nominal moment capacity was 

checked assuming two 3 inch strips CFRP.  To determine the nominal moment capacity 

of the wall, equations 2, 3, and 4 were combined as follows.   
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 Eq. 7 

 Using the Equation 7, the nominal moment capacity of the 4 ft wide, 8 inch CMU 

wall reinforced with two 3 inch strips of VELA-CARB 335U is: 
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 Since the Mn for two 3 inch strips is equal to 12,843 lb-ft and is greater than 

11,053 lb ft, the applied Mcr, the section is deemed adequate.  Therefore, the three 

reinforced CMU walls that will be tested will be reinforced as shown in Figure T.   

 

Figure T:  Wall Elevation of CFRP Reinforcement Configuration 
Source:  Author Diagram 

 The two CFRP strips will be spaced evenly at a 24” on each side of the walls.  

The spacing is typical of standard vertical wall reinforcement and meets the shear lag 

requirements previously discussed.  Both strips are placed the full height of the wall to 

ensure that the walls have the same out of plane stiffness for the entire wall height.   
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5.6 Wall Construction  

 In this section, a detailed procedure of the masonry wall construction of the test 

specimens is described.  It is noted that all four of the wall test specimens were 

constructed with the same materials and labor.  The masonry construction techniques 

used to construct the walls are typical of that practiced in the masonry industry.   

5.6.1 Base Plate Preparation 

Prior to laying the first course of CMU, 5/8 inch diameter anchor bolts were 

fastened to the ½ inch steel base plates as shown in Figure U.   

 

Figure U:  Base Plate with Anchor Bolts 
Source:  Author Photo 
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 There were four anchor bolts spaced evenly for each wall that were welded to the 

steel base plates with a ½ inch fillet welds.  The anchors were placed at the center line of 

the walls, and were designed to transfer the out of plane wall shear, in order to create a 

fixed condition at the first course during testing.   

5.6.2 Laying CMU 

 In order to attach the first course of CMU, an all purpose construction adhesive 

(PL Premium) was used to bond the CMU’s to the base plate.  The adhesive provided a 

semi-fixed connection at the base of the walls prior to their grouting.  The application of 

the adhesive, along with the final laying of the first course, is shown in Figure V.   

       

Figure V:  Wall Construction - Laying First Course 
Source:  Author Photo 

The picture on the left shows how the adhesive was applied generously to the 

underside of each CMU.  The CMU’s were then placed on the centerline of the steel 
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plates.  After the first course was complete, the adhesive was allowed to sit for 24 hours 

prior to laying the next course of CMU.   

Once the first course was secured, the remaining 8 courses were laid.  Batches of 

mortar were made with Quikrete Mason Mix Type S Mortar.  The mortar was then 

applied to the bed joint as shown in Figure W.   

 

Figure W:  Application of Mortar to CMU 
Source:  Author Photo 

 With the use of a mason’s trowel, the mortar was applied evenly over the entire 

top side of a course of CMU’s as shown above.  The next course of CMU’s was then 

placed atop the mortar bed joint as shown in Figure X.   
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Figure X:  Laying a course of CMU 
Source:  Author Photo 

 Each CMU was carefully set atop bed joint and positioned into place by tapping 

the top and sides of the CMU with the mason trowel.  The vertical mortar head joints 

were created by adding mortar to the ends of the CMU’s prior to positioning them on the 

bed joint.  In order to ensure the walls were kept to the proper dimensions during 

construction, all mortar joints between the CMU’s were measured to be 3/8”, and with the 

use of a level, all CMU’s were leveled in and out of plane of the wall.  The process of 

laying the mortar and CMU’s continued until the walls reached their full height of nine 

courses.  At this point the mortar was allowed to cure for seven days in order to gain 

strength.   
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5.6.3 Grouting Walls 

 Prior to grouting the walls, threaded rods were added at the base of each wall as 

shown in Figure Y.   

   

Figure Y:  Threaded Rods at Base of Walls 

Source:  Author Photo 

 In order to create a fixed end condition with the wall to the shake table during 

testing, threaded rods were used to create a fixed base connection at the base of the wall.  

With the use of the metal angles as a template, four holes were drilled into the bottom 

course and threaded rods were put through the walls.   

 The grout was mixed in accordance to the proportions in Table A titled “Coarse 

Grout Proportions by Volume per MSJC.”  Once the grout was fully mixed, the grout was 

placed in accordance with the MSJC.  A trough was positioned over the walls and the 

grout was placed with a five gallon bucket, as shown in Figure Z.   



5.0 Experiment   45 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

 

Figure Z:  Grouting the CMU Walls 

Source:  Author Photo 

 The five gallon buckets were filled with grout, lifted above the wall, and poured 

into the CMU cells.  This process continued until the grout reached the top of the cells.  

Once the walls were fully grouted, the grout was then consolidated in accordance with 

the MSJC, section 3.5 E.  The consolidation was achieved with the use of a concrete 

electric vibrator as shown in Figure AA.   
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Figure AA:  Consolidating Grout 
Source:  Author Photo 

 The electric vibrator was placed at the bottom the cells and set for ten seconds.  

Then the vibrator was lifted out of the cells at a rate of three inches per second.  With the 

use of the vibrator, the grout was ensured to be consolidated at the full height of the wall.  

This was very important to ensure that there were no weak points in the wall and the 

cracking moment for the wall was the same over the full height.   



5.0 Experiment   47 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

5.7 CFRP Installation  

The installation process of the VELA-CARB 335U CFRP reinforcement was 

performed to the manufacture’s specifications and recommendations.  Three of the four 

test specimen walls were reinforced with two 3 inch strips as previously designed.  The 

following steps were performed for each of the three walls in order to install the CFRP: 

• Surface Preparation 

• Cut carbon fabric strips to required width 

• Primer surface with epoxy 

• Saturate carbon fabric with epoxy 

• Apply strips to wall 

5.7.1 Surface Preparation  

 Before the CFRP could be applied to the walls, the surface between the CFRP and 

the masonry was prepared.  In order for the CFRP to completely adhere to the masonry, 

the surface was abraded to smooth out all irregularities and remove any contaminants.  

First, the mortar joints were made smooth with the use of an electric grinder as seen in 

Figure BB.   
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Figure BB:  Surface Preparation for CFRP Installation 
Source:  Author Photo 

 After the surface was made smooth, all the mortar beds were filled in with mortar 

so the CFRP would be in complete contact with the masonry wall.  Once the mortar had 

cured for 24 hours, the surface was then cleaned and roughened with a coarse wire brush.   

5.7.2 Cutting Fabric  

 The design for the CFRP fabric was determined to be two 3 inch strips for each 

side of the CFRP reinforced walls.  Since the CFRP fabric is manufactured to be 24 
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inches wide, the material was cut into the required width prior to installation, as seen in 

Figure CC.   

 

Figure CC:  Cutting CFRP Fabric to Required Width 

Source:  Author Photo 

 The 24 inch wide roll of CFRP fabric was placed flat on a clean table away from 

the resins.  With the use of a razor blade and a metal straight edge, the fabric was 
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carefully measured and cut into 3 inch strips.  The 3 inch strips were then rolled up and 

safely stored until they were ready to be installed on the walls.    

5.7.3 Primer Surface 

 In order to promote adhesion and prevent the masonry surface from drawing resin 

from the CFRP, an epoxy primer was applied to the masonry walls where the fabric was 

to be placed (shown in Figure DD).     

 

Figure DD:  Primer Surface of Masonry Prior to CFRP Application 
Source:  Author Photo 
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 The primer used to prep the walls was the Veloxx LR, the same epoxy used to 

apply the CFRP strips.  The primer was applied using a roller until the masonry surface 

was locally saturated.   

5.7.4 Saturate Fabric   

 Once the walls were ready for the CFRP installation, the CFRP strips were 

saturated in Veloxx LR epoxy resin as shown in Figure EE.   

 

Figure EE:  Saturating CFRP Strips with Epoxy 

Source:  Author Photo 

 A batch of epoxy was prepared and placed in a small plastic container.  The CFRP 

strips were then slowly pulled through the epoxy bath where they became saturated with 
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the laminating epoxy resin.  Any extra epoxy was taken off the strips by gently pinching 

the strips between two fingers, as seen in Figure CC.   

5.7.5 Apply Strips to Wall  

 The saturated strips of fabric were then applied to the primed masonry surface as 

seen in Figure FF.   

 

Figure FF:  Applying Fabric to Masonry Wall 

Source:  Author Photo 
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 Starting at the top and working down towards the bottom of the wall, the fabric 

was carefully laid onto the surface making sure that the fibers in the fabric were straight 

vertically.  At the base of the wall, where the first course of CMU meets the steel base 

plate, the CFRP strips were applied continuously to the base plate in order to increase the 

CFRP development length (the minimum length of CFRP reinforcement extending 

beyond the critical section required to develop the design strength of the CFRP 

reinforcement) under the first mortar joint.  During the application process, precautions 

were taken to prevent air bubbles from becoming trapped under the fabric which would 

have prevented adhesion of the CFRP to the CMU wall.   

 After the fabric was applied to the walls, a final coat of epoxy was applied to the 

walls over the top of the fabric, as seen in Figure GG.   

 

Figure GG:  Applying a Final Coat of Epoxy Over CFRP Strips 
Source:  Author Photo 
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 The final coat of epoxy was applied with the use of a roller.  The roller also took 

out all the smaller air bubbles entrapped in the fabric and ensured that the fabric was 

completely adhered to the wall.  During the cure of the epoxy, the fabric was checked to 

ensure that it was not sagging.   

 After the walls had been left for 24 hours, the masking tape was removed.  The 

final product is shown in Figure HH.   

 

Figure HH:  Finalized CFRP Reinforced Test Specimens 
Source:  Author Photo 
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 In Figure HH, it can be seen that the CFRP strips are evenly spaced at 24 inches 

on center and are aligned vertical.  Also the CFRP strips were installed the full height of 

the walls and extended at the bottom of the walls where the strips were adhered to the 

steel base plate to give more development length at the base of the wall.   

 

5.8 Estimation of Wall Loading Input Function  

 Each wall was loaded by the use of the shake table with a sinusoidal forcing 

function shown in Equation 8.   

 )ω(sinA)( ttx =  Eq.8 

 where x  is the displacement of the shake table  

  t  is time 

  A  is the amplitude of the shake table 

  ω  is the angular frequency of the shake table 

 The shake table amplitude used for testing was set at 0.5 inches.  This decision 

was made to keep the wall from resonating at its natural frequency (shown in section 

5.8.3) before the wall’s cracking moment was achieved.  At resonance, the dynamic 

amplification effects are very large for a low damped system, such as the masonry wall, 

and could create much larger forces in the walls than would have been anticipated.  By 

choosing a larger amplitude for loading the walls, the cracking moment in the wall would 

occur at a frequency smaller than the natural frequency.  This allows for a smaller 

dynamic amplification while still keeping the wall in a first mode response.   
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The angular frequency (ω) was estimated by calculating the frequency that would 

induce the nominal cracking moment (Mcr) into the unreinforced wall.  To equate Mcr to 

the angular frequency and amplitude, the acceleration of the shake table required to 

induce the cracking moment into the walls was determined.  By using the 0.5 inch 

displacement, the angular frequency that would produce the acceleration to create Mcr 

was determined. 

5.8.1 Shake Table Acceleration 

Next the acceleration required by the shake table to induce Mcr into the wall was 

established.  The force, Fp generated by the shake table’s acceleration is assumed to act at 

the effective height of the wall shown in Figure II.  The effective wall height, for a first 

mode dominate cantilevered structure, can be assumed to act at 70% of the total wall 

height (Chopra 2001).    

 
Figure II:  Force, Fp Generated by Shake Table Acting at 0.7h of Wall 

Source:  Author Diagram  
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 As the shake table accelerates, Fp is generated into the 8” CMU wall at a height of 

4.2 feet from the base of the table.  To determine the force Fp that generates Mcr into the 

wall, Mcr is divided by the moment arm to which Fp acts.  Therefore Fp can be determined 

using Equation 9.   
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 The shake table’s acceleration was then calculated using Equation 10 below: 

 amFp =  Eq. 10 

 where m  is the mass of the CMU wall  

  a  is the acceleration of the shake table 

 By solving Equation 10 for ‘a’, the required acceleration was calculated as 

follows: 
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 Therefore, it would take a maximum acceleration of 44.2 ft/sec2, or 1.37g, for the 

unreinforced wall to reach its cracking moment.  This acceleration of 1.37g was 

compared with the maximum acceleration used to design nonstructural components per 

ASCE 7-05, section 13.3.1.  Using the USGS website and assuming the site was located 

at Cal Poly in San Luis Obispo, zip code 93407, it was determined that the site specific 
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spectral acceleration was equal to SDS = 0.861.  Using equation 13.3-1 from ASCE 7-05, 

the maximum acceleration for the wall was 0.34g.  Therefore, the maximum acceleration 

required to crack the unreinforced cantilevered wall was 4 times greater than the value 

obtained using the provisions in ASCE 7-05.   

5.8.2 Required Angular Frequency 

 The shake table’s required angular frequency was determined using the 

relationship between the acceleration, frequency, and amplitude which is given in 

Equation 11 below: 

 2ωAa =  Eq. 11 

 By solving Equation 11 for ω, the required angular frequency was computed as 

follows:  

rad/sec32.6=
×

==
in

ft
inft

5.0
1

12sec/2.44

A
aω

2

 

By substituting the required angular frequency and 0.5 inch amplitude used to 

generate the cracking moment into the testing walls, the sinusoidal forcing function 

Equation 8 becomes: 

 )6.32sin()5.0()( tintx =  Eq. 12 

 This sinusoidal forcing input function is only an estimation of the shake table’s 

required motion that will create the cracking moment in the baseline unreinforced wall.  
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In actuality, the angular frequency that will cause the cracking moment is less than that 

predicted since dynamic amplification effects are not taken into account.    

 The input function that was used for testing the CFRP reinforced walls was 

determined by finding the frequency with 0.5 inch amplitude that would crack the 

unreinforced wall.  This frequency was then used to test the three CFRP reinforced walls.   

5.8.3 Natural Frequency 

To check the assumption of using the 0.5 inch amplitude to avoid reaching 

resonance, the natural frequency of the wall was determined.  The natural frequency was 

determined using Equation 13 below: 

 
m
kωn =  Eq. 13 

 where ωn  is the natural angular frequency of the CMU wall 

  k  is the out-of-plane stiffness of the CMU wall  

  m  is the mass of the CMU wall   

 Before determining the wall’s natural frequency, the out-of-plane stiffness of the 

CMU wall was determined.  The wall’s stiffness was determined using Equation 14 

below: 

 3
gm

h
IE3

k=  Eq. 14 

 where Em  is the modulus of elasticity of masonry equal to 900f’m (MSJC 2008)   

  Ig  is the moment of inertia of gross cross-sectional area of the wall  

  h  is the wall height  
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 Solving Equation 14 the stiffness of the cantilevered wall was determined as 

follows: 

( ) ( )
lbs/in
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inft

ininpsi
19,524=
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12
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 By substituting the stiffness and mass of the wall into Equation 13, the natural 

frequency of the wall was established.   
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 Since the natural frequency of the wall (62.7 rad/sec) is greater than the required 

angular frequency that creates the cracking moment in the wall (32.6 rad/sec), the wall 

will reach the cracking moment before reaching resonance.  Therefore, the dynamic 

amplification effects for the low damped wall will be much smaller than those if the wall 

was cycled under its natural frequency.   
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5.9 Wall Testing 

 Of the four walls tested, three were reinforced with CFRP strips and one was left 

unreinforced.  The unreinforced baseline wall was tested to determine the shake table 

frequency that created the cracking moment in the unreinforced wall.  The frequency that 

cracked the unreinforced wall was then used to cycle the other three CFRP reinforced 

walls.    

 Each wall was transported into the Seismic Lab and positioned onto the Pegasus 

shake table with the use of a forklift as shown in Figure JJ.   
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Figure JJ:  Positioning Wall onto Shake Table with Forklift 
Source:  Author Photo 

 The forks on the forklift were positioned so that they straddled the wall on both 

sides.  Metal chains were then wrapped around each fork and attached to two I-bolts, on 

each side of the wall, that were bolted the steel base plate beneath the wall.  Each wall 

was carefully placed atop and fastened to the shake table as shown in Figure KK.   
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Figure KK:  Wall to Table Connection 
Source:  Author Photo 

 Each wall was positioned on top of the steel channel attached to the shake table.  

Next, steel angles were placed on each side of the wall.  Sheet metal shims were then 

placed between the wall and the metal angles to make up for any gaps.  Once everything 

was in position, the wall was fastened to the steel channel with six 5/8” diameter bolts 

extending from the steel angles all the way though the metal channel below the base 

plate.  Last, hex nuts were placed on the four threaded rods which extended through the 

wall.   

 Gages were placed at the top of the wall and at the bottom of the shake table that 

monitored the wall’s deflection during the testing process.  The locations of the gages can 

be seen in Figure LL.   

Steel Angles 

Steel Channel Steel Base Plate 

Sheet Metal Shims 
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Figure LL:  Measurement Instrumentation Set Up 
Source:  Author Photo 

 The tip displacement at the top of the wall was measured using an LED Based 

Linear Displacement Sensor (Banner L-Gage model # Q50BVU, see Appendix A for 

product specifications).  The LED was hung from the ceiling by a truss as seen in Figure 

II.  The table displacement was measured using a Series Linear Displacement Transducer 

(Transducers Direct series # TD590, see Appendix A for product specifications).  The 

Series Linear Displacement Transducer was attached to the underside of the shake table.  

LED Based Linear 
Displacement Sensor 

Series Linear 
Displacement Transducer 

Support for LED Sensor 

Slacked Safety Straps 

Data Recorder 

Fixed Base 
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Both deflection gages were wired to a laptop computer where the data was collected 

during the duration of each test.   

 Also it is noted, Figure II shows four cargo tie downs attached to the top of the 

wall and to the edges of the shake table.  These tie downs were left slacked during testing 

and were used as a safety precaution to ensure that if the wall failed, it would not fall 

over.   

5.9.1 Wall #1 – Unreinforced Baseline  

 The unreinforced baseline wall was the first to be tested.  Figure MM shows the 

unreinforced wall fastened to the shake table prior to testing.   

 

Figure MM:  Wall #1 - Unreinforced Base Line Wall 
Source:  Author Photo 
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 The test started by setting the oscillation amplitude of the shake table to 0.5 

inches and the frequency (f) to 1 cycle per second or hertz (the frequency can be related 

to the angular frequency (ω) of the shake table, previously discussed, by ω = 2π f).  The 

frequency of the shake table was then increased while the amplitude of the oscillation 

stayed constant in order to determine the frequency that caused the unreinforced wall to 

fail.  In order to ensure a slow change in frequency, the shake table frequency was 

increased at a rate of 0.1 hertz every 10 seconds.   

 Once the shake table frequency was increased to 3.4 hertz (ω = 21.4 rad/sec), the 

wall failed.  At this frequency, the induced moment in the wall had reached the wall’s 

cracking moment, causing the wall to crack.  The cracked wall section can be seen in 

Figure NN.   

    

Figure NN:  Cracked Unreinforced Baseline Wall #1 

Source:  Author Photo 

 The crack occurred just above the mortar joint of the first course of CMU and 

extended all the way through the entire wall section.   
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 Comparing the shake table frequency that cracked the unreinforced wall with the 

angular frequency previously calculated there are larger differences than would be 

expected.  It was calculated that with 0.5 inch shake table amplitude, the required angular 

frequency to crack the unreinforced wall was 32.6 rad/sec.  The results from testing show 

that it only took an angular frequency of 21.4 rad/sec to crack the wall, making it a 34.4% 

decrease in frequency from what was expected.  This difference in results is due to the 

dynamic amplification effects experienced under dynamic loading.   

 The unreinforced wall was used as a baseline to test the three CFRP reinforced 

walls.  Knowing the frequency that generated the cracking moment in the unreinforced 

wall, it was assumed that this frequency of 3.4 hertz would generate the cracking moment 

for the walls reinforced with CRRP.  Therefore, the frequency at which the unreinforced 

wall cracked was used as the input frequency for testing the CFRP reinforced walls.   

5.9.2 Wall #2 – Reinforced with CFRP Strips 

 The second wall tested was the first of the three CFRP reinforced CMU walls.  

After being securely fastened to the table as previously described, the amplitude of the 

shake table was again set at 0.5 inches and the frequency was set at 1 hertz.  In order to 

keep all testing procedures consistent, the frequency was increased slowly by 0.1 hertz 

every 10 seconds until the input frequency reached 3.4 hertz.  At this point, the frequency 

was left alone while the table oscillated.   
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 After the table had cycled 56 times, one of the CFRP strips had been scored by 

the sheet metal shims used to take the gap between the wall and the steel angle support 

(see Figure OO and Figure PP). 

 

Figure OO:  Wall #2 - CFRP Strip Scored by Metal Shim A 

Source:  Author Photo 

 

Figure PP:  Wall #2 – CFRP Strip Scored by Metal Shim B 

Source:  Author Photo 

Severed CFRP strip 

Sheet metal shim 

Cut CFRP strip 
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 The CFRP strip on the right side of the CMU wall, seen in Figure OO, was scored 

by the sharp edge of the metal shim.  The scoring of CFRP strip caused the capacity of 

the strip to decrease.  Figure PP shows the cut made straight across the CFRP strip after 

the metal shims had been removed.  Once the CFRP strip failed, the wall fully cracked 

across the section at the first mortar joint.  The cracking of the wall decreased the wall’s 

stiffness, and thus, increased the tip displacement of the wall while the shake table was 

remained on.  With the increased tip displacement, the other three CFRP strips that were 

still intact began to debond from the CMU wall.  As the CFRP strips began to debond, 

spalling of the CMU occurred above and below the first mortar joint, as seen in Figure 

QQ.   
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Figure QQ:  Wall #2 – Debonding of CFRP strips and Spalling of CMU 
Source:  Author Photo 

 The CFRP strips started debonding about 3 to 4 inches above the mortar joint 

where out of plane shear cracks of the CMU reached the CFRP strips.  The length of 

CFRP debonding slowly grew after more cycles until finally stopping as shown in Figure 

QQ.   

 Although one CFRP strip failed and the three others had partially debonded from 

the CMU wall, the wall continued to oscillate on the shake table for a total of 5000 cycles 

without completely falling over.  Since the wall had cracked, but was still partially 

reinforced, the decrease in wall stiffness, in turn, decreased the forces the wall 

Spalling of CMU 
Debonding of CFRP 
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experienced while oscillating at the same input amplitude and frequency.  Thus the wall 

continued to rock back and forth at the first mortar joint.   

5.9.3 Wall #3 – Reinforced with CFRP Strips 

 In order to prevent early failure of the CFRP strips by severing due to the metal 

shims, adjustments were made to the test set up for Wall #3.  The metal shims in contact 

with the CFRP strips were bent over on the top side as shown in Figure RR.   

 

Figure RR:  Wall #3 – Bent Shims to Prevent Cutting of CFRP Strips 
Source:  Author Photo 

 By bending the metal shims in contact with the CFRP strips, the sharp edge of the 

metal was moved away from contact with the CFRP.  Also, to ensure that the rubbing of 

the shim against the CFRP would not affect the results, one piece, of the three metal 

Bent shims 
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shims making up the gap between the wall and the support, was taken out at the area in 

contact with the CFRP.   

 After the wall had been secured to the shake table, the shake table amplitude was 

set to 0.5 inches and the frequency was slowly increased, just as in the previous test, until 

reaching the frequency of 3.4 hertz. At this point, the frequency was not changed while 

the table oscillated.   

 After 3 cycles, two CFRP strips had completely debonded from one side of the 

wall (see Figure SS) due to lack of adequate development length.  At the instant the strips 

debonded, the wall’s section cracked at the first mortar joint.  The cargo tie downs were 

then engaged keeping the wall from completely falling over.   
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Figure SS:  Wall #3 - CFRP Strips Debonded from CMU Wall 
Source:  Author Photo 

 The metal angle supports were pulled away from the wall for inspection of failure.  

It was determined that the CFRP strips were not able to develop at the 90 degree angle 

where the CMU meets the steel base plate.  Due to the inadequate development length, 

the CFRP debonded from the first course of CMU and then sheared off from the steel 

base plate causing failure of the CMU wall.   

5.9.4 Wall #4 – Reinforced with CFRP Strips 

 In order to prevent debonding of the CFRP strips below the first mortar joint, 

adjustments were made to the test set up for Wall #4.  To increase the development 

Support pulled 
away for inspection

Debonding of CFRP 
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length of the CFRP strips, additional horizontal CFRP strips were added below the first 

mortar joint as shown in Figure TT.   

 

Figure TT:  Wall #4 - Added CFRP to Increase Development Length at Base of Wall 
Source:  Author Photo 

 The additional CFRP added at the base of the wall used the same fabric and epoxy 

resin used to install the vertical strips of CFRP.  Also, the additional CFRP was added in 

accordance with the same CFRP installation process as previously described.  First a 14 

inch wide by 5 inch tall piece of fabric was placed with the fiber orientation vertical at 

the base of each vertical strip.  Next (1) 3 inch wide strip was placed at the base of each 

side of the wall with the fiber orientation horizontal to the wall.  The theory behind 

placing additional CFRP in this orientation is that the first piece of fabric would be 

engaged at 45 degree angles from the point at which it meets the vertical strip.  This piece 

Vertical CFRP strip 

Added horizontal CFRP 
strip at base of wall
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of fabric would then help develop the forces into the 3 inch wide strip placed at the 

bottom of the wall.  Once the forces could be developed from the vertical CFRP 

reinforcement to the horizontal CFRP, the vertical strips would have sufficient 

development length to reach their capacity.   

 After the wall had been secured to the shake table, the shake table amplitude was 

set to 0.5 inches and the frequency was slowly increased, just as in the previous tests, 

until reaching the frequency of 3.4 hertz. At this point, the frequency was not changed 

while the table oscillated.   

 The wall was allowed to cycle for 24 minutes and 30 seconds at which the wall 

had cycled for 5000 cycles.  After the 5000 cycles the wall showed no signs of failure or 

dramatic increase in tip deflection. 

 At this point, it was decided to increase the frequency of the shake table until the 

wall reached failure.  By increasing the frequency, the demand on the wall would be 

increased as well.  The frequency was increased 0.1 hertz every 60 seconds.  When the 

table reached a frequency of 3.9 hertz, the wall underwent 3 cycles before failure.  The 

wall had failed due to a tension failure of two of the four CFRP strips (see Figure UU).   
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Figure UU:  Wall #4 - Tension Failure of CFRP at a Table Frequency of 3.9 Hertz 
Source:  Author Photo 

 The tension failure of the CFRP strips occurred below the first mortar joint, 

between the metal angle support and the mortar joint.  Having the CMU wall fail due to 

tension failure of the CFRP shows that the CFRP strips had sufficient development length 

to fully develop the forces in the CFRP generated by the shake table.  At the point of 

CFRP failure, the wall then fully cracked, but did not completely fall over.  The wall was 

still able to oscillate just as Wall #2 did after cracking of the wall.   
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5.10 Testing Results 

 After the completion of wall testing, the output from the shake table and tip 

displacements for each test were analyzed.  Plots were made comparing the table 

displacement and tip displacement versus time for each test. 

5.10.1 Wall #1 – Unreinforced Baseline  

 The unreinforced baseline wall was used to determine the frequency which 

induced the cracking moment into the wall.  It was determined from testing that the wall 

cracked at an input frequency of 3.4 hertz.  Figure VV shows the displacement versus 

time plot for the unreinforced baseline wall.  

Wall #1 - Displacement vs. Time @ 3.4 hertz
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Figure VV:  Wall #1 Displacement vs. Time Plot 

Source:  Author 

 This plot shows the actual table displacement with respect to time as well as the 

wall’s displacement measured at the top of the wall (tip displacement) with respect to 

Cracking of Wall 
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time on the same plot at a shake table frequency of 3.4 hertz.  The output frequency for 

the shake table was equal to 3.37 hertz and differing from the input frequency of 3.4 hertz 

by only 0.88%, therefore the same.  It is noted that the input amplitude for the table was 

set to 0.5 inches, but this does not match up with the output.  The output shows the shake 

table amplitude was equal to 0.75 inches.  With the added weight of the wall and test 

setup (over 2000 pounds) atop the shake table, the table was not able to stop at exact 0.5 

inch amplitude due to the large inertia forces created.  This is due to the hydraulic pump 

powering the oscillation of the shake table not being large enough.  Although the input 

and output amplitudes do not match up, this does not pose any problems with the test 

data.  Since all the walls tested weigh the same and were cycled using the same 

amplitude, the output amplitude would be the same for all the tests.     

 The tip deflection at the top of the wall shows a single mode response to the 

sinusoidal oscillation.  The maximum tip deflection at the top of the wall prior to the 

cracking of the wall was equal to 0.636 inches.   

 Using the displacement versus time data for the unreinforced baseline wall, a 

hysteresis plot was created comparing the wall force, Fp, with the tip deflection of the 

wall (see Figure WW).   
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Wall #1 - Force vs. Displacement @ 3.4 hertz
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Figure WW:  Wall #1 – Force vs. Displacement Hysteresis Plot 

Source: Author  

 Figure WW shows Fp versus tip deflection as the wall cycled at a table frequency 

of 3.4 hertz until failure.   The plot shows the wall behaved elastic until the wall fully 

cracked, at which point, the wall lost the majority of its original stiffness.  This loss in 

stiffness can be seen in Figure WW as the tip deflection of the wall continued to increase 

as the wall force, Fp, decreased.   

 With a frequency of 3.37 hertz and amplitude of 0.75 inches, the maximum 

acceleration that generated the cracking moment into the wall was 28.02 ft/sec2.  The 

results for the baseline unreinforced wall will be used to compare with the results for the 

three walls reinforced with CFRP strips.   
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5.10.2 Wall #2 – Reinforced with CFRP Strips 

 Wall #2 was the first of three walls reinforced with CFRP strips.  This wall was 

cycled at an input frequency of 3.4 hertz for 56 cycles until one of the CFRP strips was 

scored by a metal shim used in the test setup causing failure the strip.  Figure XX, YY, 

and ZZ are a series of three plots showing the displacement versus time for wall #2 at 3.4 

hertz. 

Wall #2 - Displacement vs. Time @ 3.4 hertz
(0 to 6 seconds)
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Figure XX:  Wall#2 - Displacement vs. Time Plot A 

Source:  Author 



5.0 Experiment   81 

 
Fatigue of Masonry Walls with CFRP Applied Externally for Out-of-Plane Loads 

Wall #2 - Displacement vs. Time @ 3.4 hertz
(6 to 12 seconds)
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Figure YY:  Wall#2 - Displacement vs. Time Plot B 
Source:  Author 

Wall #2 - Displacement vs. Time @ 3.4 hertz
(12 to 18 seconds)
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Figure ZZ:  Wall#2 - Displacement vs. Time Plot C 

Source:  Author 

 The output frequency for the shake table was 3.37 hertz, almost the same as the 

output frequency for the baseline wall.  Also, the output amplitude for wall #2 was 0.74 

Severed CFRP Strip
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inches, only 0.01 inches less than the baseline wall.  With an output frequency of 3.37 

hertz and amplitude of 0.74 inches, the maximum acceleration the wall underwent was 

27.68 ft/sec2.  This maximum acceleration is 1.21% less than the maximum acceleration 

that failed the baseline unreinforced wall.   

 The tip deflection measured at the top of wall #2 shows the same single mode 

response as seen in the baseline wall.  The maximum tip deflection, prior to the failure 

CFRP strip, was 0.694 inches.  This tip deflection is slightly larger than that of the 

baseline wall by 9.12%.  The increase in tip deflection can possibly be due to the micro-

cracking of the masonry near the base of the wall as the CFRP strips became engaged.   

 Using the displacement versus time data for the wall #2, a hysteresis plot was 

created comparing the wall force, Fp, with the tip deflection of the wall (see Figure 

AAA). 
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Wall #2 - Force vs. Displacement @ 3.4 hertz
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Figure AAA:  Wall #2 – Force vs. Displacement Hysteresis Plot 
Source: Author 

 Figure AAA shows Fp versus tip deflection as the wall cycled at a table frequency 

of 3.4 hertz for the same 18 seconds displayed in Figures XX, YY, and ZZ.  Comparing 

Figure AAA to Figure WW, it is seen that the stiffness of wall #2 is slightly less than that 

of the elastic stiffness of wall #1.  This is due to the fact that when the wall began to 

crack the CFRP became engaged.  The plot also shows the post cracked wall behavior 

was also elastic, until the scoring of the CFRP strip by the metal shim caused failure to 

the strip, at which point, the wall lost stiffness.  The loss in stiffness can be seen in Figure 

AAA by the flattening of the backbone curve of the hysteresis loop.  Other than the fact 

that one of the CFRP strips lost strength and failed due to the scoring by a metal shim, 

wall #2 showed no loss in strength due to fatigue for the 56 cycles it underwent.   
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5.10.3 Wall #3 – Reinforced with CFRP Strips 

 The second of the three walls CFRP reinforced walls tested was wall #3.  This 

wall only completed three cycles at an input frequency of 3.4 hertz prior to the complete 

debonding of two of the CFRP strips below the first mortar joint of the wall.  Figure BBB 

and CCC are two plots showing the displacement versus time for wall #3 at 3.3 hertz and 

3.4 hertz respectively.   

Wall #3 - Displacement vs. Time @ 3.3 hertz
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Figure BBB:  Wall#3 - Displacement vs. Time Plot A 

Source:  Author 
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Wall #3 - Displacement vs. Time @ 3.4 hertz
(6 to 8 seconds)

-1.5

-1

-0.5

0

0.5

1

1.5

6 6.5 7 7.5 8

Time (sec)

D
is

pl
ac

em
en

t (
in

)

Table Disp. Tip Disp.
 

Figure CCC:  Wall#3 - Displacement vs. Time Plot B 

Source:  Author 

 Although this wall only lasted three cycles before failure, this test still yields 

valuable information.  The plot in Figure BBB shows a different tip displacement 

response than that of the previous two tests.  The tip displacement response for wall #3 

has the influence of another mode shape.  Although the tip displacement response from 

this test differs from the previous two tests, the 3.4 hertz frequency was still the same 

frequency at which wall #2 failed.  This shows that despite having another mode shape 

showing up in the response, the frequency and amplitude of the shake table was still 

sufficient to create the cracking moment in the wall.   

 In Figure CCC, the point at which the complete debonding of the CFRP strips is 

shown to occur after only three complete cycles is shown.   Using the displacement 

Debonding of CFRP Strip
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versus time data from Figure CCC, a hysteresis plot was created comparing the wall 

force, Fp, with the tip deflection of the wall (see Figure DDD). 

Wall #3 - Force vs. Displacement @ 3.4 hertz
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Figure DDD:  Wall #3 – Force vs. Displacement Hysteresis Plot 
Source:  Author 

 In Figure DDD, it is shown that the wall looses tremendous stiffness after only a 

few cycles of loading.  This can be seen in the hysteresis plot as the shape of the curve 

opens up and then ultimately fails when the debonding of the CFRP occurred.  Also it is 

noted, the shape of the hysteresis from wall #3 differs from that of walls #1 and #2.  The 

difference in shape is due the influence of the higher order mode shape in the wall 

response.   
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5.10.4 Wall #4 – Reinforced with CFRP Strips 

 The last wall tested was wall #4.  To increase the development length of the 

CFRP strips on the bottom course, in order to avoid a debonding failure similar to wall 

#3, horizontal strips of CFRP were added below the first mortar joint.  This wall cycled at 

an input frequency of 3.4 hertz for 5000 cycles without any failure.  The time history for 

the 5000 cycles is displayed in Appendix B.   

 The output frequency and output amplitude for the shake table were equal to 3.38 

hertz and 0.74 inches, respectively.  The maximum acceleration the wall underwent was 

27.81 ft/sec2 which was only 0.75% less than that which failed the baseline unreinforced 

wall.  Having almost the exact same acceleration as the baseline wall, shows that wall #4 

had sufficient force to create the cracking moment in the wall.   

 The tip deflection response in wall #4 shows a very similar response to that of 

wall #3, having another higher mode showing up in the response.  Even though there are 

multiple mode shapes in the tip deflection response, it is safe to say that the wall still 

experienced forces sufficient to produce the cracking moment in the wall based on the 

testing results seen from wall #3. 

 Using the displacement versus time data for the wall #4, two hysteresis plots were 

created comparing the wall force, Fp, with the tip deflection of the wall (see Figure EEE 

and FFF). 
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Wall #4 - Force vs. Displacement @ 3.4 hertz (First 60 Cycles)
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Figure EEE: Wall #4 – Force vs. Displacement Hysteresis Plot A 

Source:  Author 

Wall #4 - Force vs. Displacement @ 3.4 hertz (Final 60 Cycles)
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Figure FFF: Wall #3 – Force vs. Displacement Hysteresis Plot B 
Source:  Author 
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 The first plot, shown in Figure EEE, displays a hysteresis for the wall cycling at 

3.4 hertz for the first 60 cycles.  The second plot, shown in Figure FFF, displays a 

hysteresis for the wall cycling at 3.4 hertz for the final 60 cycles of the test.  Comparing 

the two plots shows that there are only slight differences in shape and magnitude.  Since 

the hysteresis in Figure FFF from the final cycles of the test show little difference to the 

hysteresis in Figure EEE from the beginning of the test, wall #4 shows no signs of fatigue 

of loss in stiffness due to fatigue.   

 The tip deflections for wall #4 were also analyzed to see if there was any increase 

over time due to fatigue.  Figure GGG displays the maximum positive and maximum 

negative tip deflections at time intervals for the duration of the 5000 cycles undergone by 

wall #4.   
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Tip Deflections for Wall #4
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Figure GGG: Maximum Tip Deflections at Time Intervals for Wall #4 

Source:  Author Figure 

 Figure GGG shows no correlation between an increase in tip deflection and 

duration for which the wall was cycled.  Therefore, with sufficient development length of 

the CFRP, wall #4 showed no signs of failure due to fatigue after 5000 cycles.   
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6.0 CONCLUSION 

 The purpose of this Master’s thesis was to investigate the effects of fatigue on 

fiber-reinforced polymers (FRP) when applied to masonry walls for out-of-plane loading, 

as well as to provide further research and add to the general testing database of FRP 

enhanced masonry.  After the completion of the experimental testing performed in this 

thesis, the following conclusions were made.   

 The ability for CMU walls, reinforced with carbon fiber reinforced polymer 

(CFRP) strips, to perform well against out of plane fatigue loading is based on two issues.  

These two issues are that the CFRP reinforcement must have sufficient strength to 

provide adequate reinforcement to the out-of-plane loads that are going to be applied to 

the wall, and sufficient development length allowing the CFRP to develop its design 

strength.  Although both these issues are not new findings and seem very obvious when 

designing CFRP reinforcement for out-of-plane loading, two of the specimens tested in 

this thesis failed due to one of these issues.   

 The failure of wall #2 was due to lack of strength in the CFRP reinforcement.  

When the CFRP strip was scored by repeated rubbing with the metal shim, the wall then 

failed due to lack of strength in the CFRP strip.  The failure of wall #3 was due to lack of 

sufficient development length.  Even though the wall went through three complete cycles 

before failure, there was not sufficient development length for the CFRP strips to develop 

their full capacity.  This insufficient development length caused the CFRP strips to 

completely debond from the first course of CMU causing failure of the wall.  From the 
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testing of the final CFRP reinforced wall, wall #4, it can be seen that a wall with 

sufficient strength and development length performed exceptionally well in the test 

lasting all 5000 cycles, far outlasting the duration of any earthquake, without any signs of 

fatigue.  Therefore, the issue of fatigue on masonry walls reinforced with CFRP for out-

of-plane loads can be managed by designing walls using typical code design with 

adequate strength, adequate development length and proper detailing.    

 Another conclusion, not directly related to the purpose of the thesis, was also 

made as a result of the experimental testing.  This conclusion is that the development 

length of a vertical CFRP strip can be increased effectively by adding a horizontal strip of 

CFRP that crosses over the vertical strip.  This idea was implemented for the testing of 

wall #4 to try to increase the development length of the vertical strips due to the 

debonding failure that occurred in the testing of wall #3.  After wall #4 successfully 

completed the 5000 cycles without fatigue failure, the frequency of the shake table was 

increased until the wall failed.  The failure mechanism occurred when increasing the 

table’s frequency was a tension failure of the CFRP strips.  This tension failure of the 

CFRP strips shows that the CFRP had sufficient development length to develop the 

CFRP to its full strength.  The sufficient development length in this wall was provided 

through the addition of the horizontal CFRP strips.  This method of developing the FRP 

can be very effective when designing FRP reinforcement in areas where there is not 

enough space to continue the vertical strips, for example, at a base of a wall or at the 

intersection of a wall and floor diaphragm.   
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 Lastly, it is noted that surface damage to CFRP may have severe consequences.  

Looking at the test results form wall #2, the scoring of the CFRP strip from the rubbing 

of the metal shim drastically reduced the capacity of the strip causing failure of the wall.  

Therefore, there should be special precautions taken when designing CFRP in places 

were surface damage may occur.  Such precautions may include adding surface 

protectant over the exposed CFRP to minimize the surface damage of the CFRP.    

 Overall, the external application of FRP is a very effective solution to 

strengthening walls for out-of-plane loading.   
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APPENDIX A – INSTRUMENTATION SPECIFICATIONS 

 In this appendix the product specifications for the instrumentation devices used 

during testing are given.  The shake table displacement was measured using a Series 

Linear Displacement Transducer (Transducers Direct series # TD590-175).  The 

displacement at the top of the wall was measured using a LED Based Linear 

Displacement Sensor (Banner L-Gage model # Q50BVU).   
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A.1 Series Linear Displacement Transducer  
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A.2 LED Based Linear Displacement Sensor 
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APPENDIX B – WALL #4 DATA OUTPUT 

 The following plots display the time versus table displacement and time versus tip 

displacement for the 5000 cycles of testing for Wall #4.   
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