
 

ABSTRACT 

HARO, ANA GABRIELA. Assessment of the Out-of-Plane Buckling Instability of Ductile 

Reinforced Concrete Structural Walls. (Under the direction of Dr. Mervyn Kowalsky). 

Pier walls are occasionally used by Alaska DOT because of their in-plane lateral 

rigidity. The height-to-thickness ratios found in building applications can also be found in piers 

walls, increasing the possibility of buckling instability. Unexpected nonlinear behavior in 

planar reinforced concrete structural walls, reported during the 2010 Chile and 2011 New 

Zealand earthquakes, highlighted the significance of out-of-plane stability, which had been 

observed in laboratory tests many years prior. The local buckling mechanism of reinforced 

concrete structural walls (RCSW) was defined first in the 1980s. In-plane lateral loading causes 

large inelastic tensile strains in one of the boundary elements, accompanied by cracking at the 

level of the plastic hinge region. Under load reversals, out-of-plane deformations can be 

generated in the compression zone as a result of residual crack widths and eccentricity in the 

compression force at the wall toes. If the lateral deformation is sufficient, instability can occur 

followed by the loss of lateral and vertical load carrying capacity of the wall.  

Analytical models created in the 1990s correlate in-plane tensile strains to out-of-plane 

buckling wall deformations resulting in instability. The models comprise a respective curvature 

distribution along the plastic hinge region, mechanical properties of the materials, and 

geometry of the compression zone. Past studies on prisms subjected to axial tensile and 

compressive cycles have demonstrated how promising the existing models are. However, these 

models do not consider the potential impact of different loading paths on the buckling 

mechanism of RCSW, suggesting further investigation.  

Prisms representative of the boundary elements of prototype typical pier walls from 

Alaska DOT and structural walls from Chile and New Zealand were built and physical tests 

were conducted in the Constructed Facility Laboratory at the North Carolina State University. 

The aim of the tests was to evaluate the effect of different longitudinal reinforcement ratios in 

combination with different load paths on the onset of out-of-plane instability of planar special 

RCSW. Subsequently, a fiber-based computational model was developed and calibrated based 

on the response of the tested specimens. Later, a parametric study was conducted, where 

formerly identified critical parameters were considered in order to establish an out-of-plane 



 

buckling stability limit state as a function of longitudinal tensile strains reached at the end 

regions of RCSW.  

The principal outcomes of the experimental program and the details of the fiber-based 

computational model are discussed in this report, along with the results of the parametric study, 

which indicated that imposed out-of-plane displacements do not impact stability. However, in-

plane loading history and longitudinal reinforcement ratio do impact the onset of the local 

buckling limit state. Finally, a new approach is proposed to prevent buckling instability of 

RCSW based on previous models, which confirmed to be less conservative for design 

purposes. 
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CHAPTER 1: INTRODUCTION  

Chapter 1 first presents the incentive of the current research project, which highlights 

the importance of further research associated with buckling instability of reinforced concrete 

structural walls. Next, the main objective of the research, which includes experimental and 

analytical studies, is stated. Finally, this chapter describes the themes covered along the final 

report.  

1.1  Motivation  

Reinforced concrete structural walls (RCSW) are recognized as effective seismic 

protective systems if the capacity based design philosophy is applied and special reinforcement 

detailing is provided in the regions where energy is expected to dissipate. Experimental 

programs involving different geometries and material properties have been executed all around 

the world resulting in improved design processes. Generally, the preferences regarding the wall 

geometry depend on the building configuration, however, in recent years thinner walls have 

become more prevalent due to growing engineering costs and higher compressive strengths for 

concrete (Wallace, 2012).      

Since poor structural performance was observed in recent earthquakes, more reliable 

procedures are required to identify the non-linear behavior of RCSW. There is still a gap 

between actual failure modes produced in the boundary elements of thin RCSW and 

simulations through numerical models. This fact was recognized from reported damage after 

the occurrence of strong ground motions during the 2010 Chile and 2011 New Zealand 

earthquakes, which highlighted the importance of out-of-plane stability of reinforced concrete 

structural walls due to in-plane loading.   

Alaska DOT occasionally employs pier walls because of their in-plane lateral stiffness. 

While these walls are usually thicker than the walls typically found in building applications, 

their clear heights are also larger, giving rise to height-to-thickness (hw/bw) ratios that may be 
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larger than those of buildings and consequently, may be prone to buckle. The New Zealand 

2011 earthquake showed that even walls with height-to-thickness ratios equal to ten, could lead 

to out-of-plane buckling instability. Table 1-1 shows pier walls built by Alaska DOT since 

1960s where height-to-thickness ratios close to ten were used in three of them.    

 

Table 1-1. Alaska DOT pier walls constructed since 1960s 

 

 

Noticing the concentration of damage in the boundary elements of rectangular 

reinforced concrete structural walls due to higher stress and strain demands, some past 

investigations have been carried out on prisms, which was found to be an economical way to 

study the inelastic instability of structural walls. In general, the main objective of these tests 

focuses on subjecting specimens to cyclic tension and compression actions to simulate vertical 

components of actual seismic loading on structural walls. 

While past tests on prisms have shown that the existing models developed by Paulay 

and Priestley (1993), and Chai and Elayer (1999) are promising (Herrick and Kowalsky, 2016), 

missing from the models is the interaction with out-of-plane loading. These existing models 

correlate tensile strain from in-plane loading to out-of-plane deformation, assuming a 

prescribed curvature distribution. If loading also occurs in the out-of-plane direction, the 

relationship between tensile strain and out-of-plane deformations should be adjusted to reflect 

this.  

In this study, twelve half-scale reinforced concrete rectangular prisms are designed and 

built to simulate boundary elements from prototype walls. Later, the specimens are tested in 
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the Constructed Facilities Laboratory (CFL) at North Carolina State University. Two critical 

parameters associated with lateral instability of reinforced concrete walls were considered 

during this experimental program: a) loading protocols, and b) longitudinal reinforcement 

ratios. In addition to the results obtained from the experimental program, this dissertation 

includes the analytical modeling and design recommendations for boundary elements of planar 

RCSW and pier walls. The proposed approach is based on the experimental results and the 

parametric study conducted using a fiber-based computational model.    

1.2 Objective 

This research project focuses on capturing the buckling instability of RC SW walls and 

pier walls due to in-plane loading considering the effect of out-of-plane loading through 

analytical and experimental studies. Based on previous methods (Paulay and Priestley, 1993; 

Chai and Elayer, 1999), a new model is suggested to comprise not only the material properties 

and geometry of boundary elements, but also the effect of out-of-plane lateral displacements.  

The specific objectives are detailed in Chapter 3, where the study plan to address the 

aim of the current research is addressed.  

1.3 Layout 

 Chapter 2 presents the description of the out-of-plane buckling mechanism and the 

different studies conducted on RCSW and prisms. In addition, Chapter 2 includes details about 

the existing phenomenological models and code recommendations addressing buckling 

instability of walls. Chapter 3 includes the study plan where the research gap and the specific 

objectives are described. The experimental program and its results are detailed in Chapter 4 

and Chapter 5, respectively. Chapter 5 also describes the influence of identified critical 

parameters affecting the onset of instability, which constitutes the base of the analytical study 

that includes the parametric study, presented in Chapter 6. Based on key findings noticed from 

the experimental results and the parametric study, a new model to prevent out-of-plane 

instability on RCSW due to in-plane loading and its corresponding validation is presented in 

Chapter 7. Direct displacement-based seismic approaches for design and assessment purposes, 

focused on buckling instability of structural walls, are also discussed in Chapter 7. Chapter 8 
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covers similar practical procedures for bridge pier walls. Chapter 9 summarizes the concluding 

remarks of this project and identifies possible future work areas.  
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CHAPTER 2: LITERATURE REVIEW  

Reinforced concrete structural walls are utilized in seismic design of multistory 

buildings as systems that exhibit high levels of strength and ductility under ultimate loads (Chai 

and Elayer, 1999). However, a behavior related to inelastic lateral instability, which only had 

been observed in laboratory tests, was reproduced in recent earthquakes generating significant 

damage to buildings that included rectangular or flanged wall geometries. This chapter focuses 

on observed damage in the 2010 Chile (Maule) and 2011 New Zealand (Christchurch) 

earthquakes. In addition, past experimental programs on thin RCSW, where out-of-plane 

buckling was captured or studied, are also described. Finally, the last section of this chapter, 

details the state-of-the-art of the out-of-plane buckling mechanism of structural walls.   

2.1 Structural performance of RC walls observed in historical earthquakes 

Structural wall systems and dual systems, the latter known as wall-frame structures 

(Paulay and Priestley, 1992), have been utilized since the 1960s for medium to high-rise 

buildings located in urban areas (Moroni, 2002). Reports originated after important seismic 

events have provided valuable information about the performance of RCSW buildings. 

  Table 2-1 shows the details of selected historical earthquakes and the number of 

damaged RCSW buildings affected during each event. Historically, diagonal cracking, web 

crushing, compressive boundary element damage, horizontal failure plane and collapse have 

been the dominant types of damage identified for buildings where partial or full replacement 

of walls was required (Birely, 2011). However, out-of-plane buckling instability was only 

noticed in the 2010 Chile and 2011 Christchurch earthquakes. 

On February 27, 2010, an 8.8 magnitude earthquake struck Chilean regions for about 

three minutes producing substantial losses. The maximum recorded peak ground acceleration 

was 0.65g. Structural walls of mid-to high-rise RC buildings in Santiago presented damage in 

the lower stories. Figure 2-1(a) shows the overall view of a new 20-story building that 
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experienced buckling instability. Figure 2-2(b) shows the damage in one of the slender walls 

located at the parking level.  

 

Table 2-1. Historical earthquakes with reported damage in RCSW 

Earthquake Date M PHGA 

(g) 

Depth 

[km]  

# of RCSW 

Bldg. 

Sources 

 

Alaska (USA), 1964 

 

03-27-1964 

 

9.2 

 

0.18 

 

25 

 

10 

 

(Christensen, 2002) (Committee on 

the Alaska Earthquake of the 

Division of Earth Sciences. National 

Research Council, 1973) 

San Fernando (USA), 1971 02-09-1971 6.6 0.3; 1.25* 8.4 7 (Strong Motion Center, 2014) 

(Rutenberg, Jennings, & Housner, 

1980) 

Vrancea (Romania), 1977 03-04-1977 7.5 0.20 109 100 (Berg, Bolt, Sozen, & Christopher, 

1980) 

(Lungu, 2008) 

Chile, 1985 03-03-1985 7.8 0.67 33 3 (U. S. Geological Survey, 1985) 

Mexico, 1985 09-19-1985 8.1 0.22 18 4 (EEFIT, 1986) 

Loma Prieta (USA), 1989 10-17-1989 6.9 0.64 18 3 (EEFIT, 1993) 

Northridge (USA), 1994 01-17-1994 6.8 1.0; 1.82* 18.5 6 (EEFIT, 1994) 

Kobe (Japan), 1995 01-17-1995 6.9 0.80 22 12 (EEFIT, 1997) 

Kocaeli (Turkey), 1999 08-17-1999 7.4 0.41 15.9 10 (EEFIT, 2003)(PEER, 2000) 

Chi Chi (Taiwan) 1999 09-21-1999 7.3 1.1 8 1 (Su, 2001) 

Maule (Chile), 2010 02-27-2010 8.8 0.65 35 14 (Elnashai et al., 2010) 

Christchurch (New Zealand), 2011 02-22-2011 6.3 0.7; 1.6* 5 47 (Kam & Pampanin, 2011) 

* First value corresponds to the peak horizontal ground acceleration PHGA recorded in populated areas and the second value 

constitutes an exceptional case.  

 

 

    
      (a)         (b) 

Figure 2-1. RC 18-story building in Santiago: (a) Overall view of the building; (b) wall local buckling failure 

(Wallace and Moehle, 2012) 
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It was the first time where the out-of-plane instability phenomenon was captured in a 

real structure. The average thickness of the walls was 8in. (200mm) and the height-to-thickness 

ratio was close to eighteen (18), which was the maximum value recommended by the Chile 

concrete design standard (NCh 433 1996) (Saatcioglu et al., 2013). The failure was attributed 

to the slenderness of the boundary zones prone to buckle under compressive loading.  

New Zealand registered a 6.3 magnitude earthquake on February 22, 2011, where 

Christchurch was severely damaged since the hypocenter was located below the city. Peak 

accelerations of 2.2g and 1.7g were recorded in the vertical and horizontal directions, 

respectively. The Mw 7.1, Darfield earthquake on September 4, 2010, preceded the 

Christchurch earthquake. According to many seismologists, the Christchurch earthquake was 

considered an aftershock of the Darfield event.  

Figure 2-2(a) and (b) show the overall view and the structural performance of a wall in 

the Pacific Brands House (PBH) located in Christchurch, NZ, respectively. The PBH was a 7-

story RC building constructed in 1984, which included two L-shaped walls of about 300 mm 

thick. The boundary element of the north wall in the lower level developed an out-of-plane 

buckling failure including significant concrete damage on its surrounding areas. The cyclic 

combination of compressive strains preceded by large tensile strains were assumed to be the 

cause of this phenomenon (Sritharan et al., 2014). Contrary to what was exposed for the 2010 

Chile Earthquake, the PBH building included thicker RC walls but a lower ratio of these 

structural elements against the total plan area. 
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             (a)      (b) 
Figure 2-2. RC 7-story building in Christchurch: (a) Overall view of the building; (b) wall local buckling failure (Sri 

Sritharan, 2011) 

 

2.2 Structural performance of RC walls observed in laboratory tests 

A significant number of experimental programs have been performed to examine the 

behavior of RCSW with different characteristics. Considering that the aim of this study is to 

assess the out-of-plane buckling failure mode, tests where this phenomenon was observed or 

studied are presented, followed by the results of tests carried on prisms replicated as boundary 

elements of planar RCSW. 

2.2.1 Laboratory studies in rectangular walls 

Table 2-2 summarizes the parametric study of tests carried on thin RC walls, where 

out-of-plane buckling was captured. In this table, bw, hw, and lw are the thickness, the total 

height, and the length of the RC walls, respectively, ɟb is the longitudinal reinforcement ratio 

of the boundaries elements, ɟh is the transverse reinforcement ratio of the wall web, ɟl is the 

distributed longitudinal web reinforcement ratio, and ALR is the maximum axial load ratio 

applied to each specimen. The detailed transverse reinforcement only corresponds to the web 

regions. The names of the walls refer to those established during the corresponding 

experimental programs.   
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Table 2-2. Parametric Study: Experimental programs that reported local buckling in RC Walls 

Test Walls 

Material  

Properties 

Geometry 
Reinforcement web 

 

ALR  

[-] 

Lateral Load 

Pattern 

B.E. Web 

bw 

[mm]  

lw 

[mm]  

hw 

[mm] 

ɟb 

[%]  

ɟl 

[%]  

ɟh 

[%]  fôc 

[MPa] 

fy 

[MPa] 

(Oesterle et al., 

1976) 

F1 

F2 

R1 

R2* 

38.2 

45.3 

44.5 

46.2 

442 

428 

509 

448 

102 1905 4570 

3.89 

4.35 

1.47 

4.00 

0.30 

0.31 

0.25 

0.25 

0.71 

0.63 

0.31 

0.31 

0 

0.14 

0 

0 

cyclic 

cyclic 

cyclic 

cyclic 

(Vallenas, Bertero, & 

Popov, 1979) 

R1* 

R2* 
27.5 482 114 2412 3.085 5.57 0.54 0.54 0 

monotonic 

cyclic 

(Goodsir, 1985) 

R1* 

R2* 

T3* 

R4* 

28.6 

25.3 

33.8 

36.5 

450 

450 

400 

345 

100 

1500 

1500 

1300 

1500 

2400 

4.71 

4.71 

3.93 

4.71 

0.94 

0.94 

0.76 

0.94 

0.71 

0.26 

0.15 

0.12 

0.15 

cyclic 

cyclic 

cyclic 

cyclic 

(Thiele, Wenk, & 

Bachmann, 2000) 

WPH2* 

WPH3 

WPH4* 

30.0 470 100 1000 4000 

3.5 

3.5 

1.6 

0.4 

0.4 

0.4 

0.42 

0.42 

0.42 

0.15 

0.04 

0.15 

cyclic 

cyclic 

cyclic 

(Thomsen & 

Wallace, 2004) 

RW1 

RW2 

TW1 

TW2* 

27.4 414 102 1219 3658 

2.93 

2.93 

2.93 

0.70 

0.33 

0.33 

0.33 

0.44 

0.46-0.49 

0.69-0.37 

0.46-0.49 

0.92-0.53 

0.1 

0.07 

0.09 

0.075 

Cyclic 

cyclic 

cyclic 

cyclic 

(Brueggen, 2009) 
NTW1 

NTW2* 

50.1 

45.3 
414 152 2286 

7315 

3658 

3.78 

2.16 

0.59 

2.16 

0.26 

0.41 

0.05 

0.05 

cyclic 

cyclic 

(Aaleti, Brueggen, 

Johnson, French, & 

Sritharan, 2013) 

RWN* 

RWC* 

RWS 

34.5 414 150 2280 6400 
3.8-

9.0 
0.37 0.68-0.85 0 

cyclic 

cyclic 

cyclic 

(Alarcón, 2013) 

M1* 

M2* 

M3* 

27.4 420 100 700 1600 0.45 0.72 0.44 

0.15 

0.25 

0.35 

cyclic 

cyclic 

cyclic 

(Marihuén, 2014) 

W1* 

W7* 

M8 

M9* 

27.4 420 

100 

100 

100 

100 

700 

1600 

1600 

1600 

1600 

0.49 

0.45 

0.45 

0.45 

0.67 

0.72 

0.72 

0.72 

0.46 

0.44 

0.64 

0.56 

0.15 

cyclic 

cyclic 

cyclic 

cyclic 

(Rosso, Almeida, & 

Beyer, 2015) 

TW1 

TW4 

28.8 

31.2 

565 

515 
80 2700 2000 3.14 0.64 0.18 0.05 

cyclic 

cyclic 

* Buckled specimen; ALR ï Axial Load Ratio 

 

2.2.1.1 Oesterle et al., 1976 

 A total of two rectangular walls, ten barbell walls, and two flanged walls were tested 

under monotonic and incrementally increasing reversed loading. Two of the barbell walls were 

repaired and tested once more. Figure 2-3 illustrates the nominal cross sections of the 

rectangular and flanged walls with a height of 4,570 mm. The objectives of the study were to 

determine ductility levels, load-deformation characteristics, energy dissipation capacity and 

strength of the walls.   

Wall R2 was the only one that reported out-of-plane buckling of the compression zone. 

It was caused by "alternate tensile yielding" of the flexural reinforcement in the boundary 

elements. The load-carrying capacity of the wall was reduced by the large out-of-plane 

deformation developed in the lower 910mm (3ft) after several load reversals. Rebar buckling 
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and fracture were captured for the remaining three walls.  Figure 2-4 shows the appearance of 

R2 wall at the end of the test. 

 

 

Figure 2-3. Cross section dimensions of the thin walls tested by Oesterle et al. (1976) 

 

 

 

Figure 2-4. Local buckling of wall R2 tested by Oesterle et al. (1976) 
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2.2.1.2 Vallenas et al. (1979)  

With the purpose of accomplishing a better understanding of the behavior of RCSW 

subjected to high shear seismic loading, Vallenas et al. (1979) simulated eight earthquake tests 

on three-story 1:3 scaled RC walls from prototypes of ten and seven story buildings designed 

in accordance with in progress code requirements. Figure 2-5 presents the geometry and 

reinforcement of the original rectangular walls that reported problems associated with out-of-

plane buckling instability.   

 

 

Figure 2-5. Dimensions and details of the rectangular walls tested by Vallenas et al. (1979) 
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This research involved the study of the influence of parameters such as, type of 

confinement in the boundary elements, wall cross-section, moment-to-shear ratios, monotonic 

and cyclic load patterns, and repair procedures. Two barbell walls and two rectangular walls 

were considered in the study. After subjecting the specimens to the established loading 

conditions, they were repaired and tested again. Steel tensile strains reached in the boundary 

elements and the corresponding crack widths and spacing were identified as determining 

parameters to cause local buckling instability under load reversals.     

 

2.2.1.3 Goodsir  (1985) 

The aim of this research was to study the capacity-based design approach established 

in existing code provisions, especially regarding the confinement in critical sections subjected 

to large compression strains. Cyclic lateral loading conditions in combination with different 

axial load ratios (ARL) were applied to a set of three rectangular walls and one T-section wall. 

Figure 2-6 and Figure 2-7 show the geometry and reinforcement of the walls considered in this 

experimental program. 

 

 

Figure 2-6. Typical rectangular wall tested by Goodsir (1985) 
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Figure 2-7. T-section wall tested by Goodsir (1985) 

 

The four specimens exhibited out-of-plane deformations especially concentrated in the 

boundary elements. The failure modes detected for walls R1 and R4 suggested material failure 

instead of lateral instability. The full east end of the R2 wall buckled before returning to the 

original straight position during the last cycles until out-of-plane stability was observed. The 

web of T3 wall also experienced lateral instability. Figure 2-8 shows the final state of T3. The 

slenderness of the specimens was considered one of the main reasons to provoke large out-of-

plane deformations in combination with residual tensile strains captured in the longitudinal 

bars when they were resisting compressive loads. 
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Figure 2-8. Wall T3 at the end of the test. Views: west face, east end. (Goodsir, 1985) 

 

2.2.1.4 Thiele et al. (2000) 

Three 1:3 scaled rectangular walls were tested by Thiele et al. (2000), where extreme 

pseudo-dynamic loads were applied. The influence of the reinforcement content and the axial 

force were investigated. Figure 2-9 illustrates the configuration of the walls considered in this 

study. 

The results reported local buckling for walls WPH2 and WPH4 at 400% and 300% of 

an artificially generated earthquake, respectively. Wall WPH3 did not present out-of-plane 

buckling behavior. Figure 2-10 shows the end of the test conducted for WPH2. The most 

significant conclusions from the tests were: a) the effect of low and moderate earthquakes 

combined with high axial load ratios could be advantageous since the stiffness is not severely 

affected at small plastic elongations; and, b) under strong earthquakes, walls with high axial 

load ratios could fail prematurely since low levels of energy dissipation are achieved.   
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Figure 2-9. Geometry and reinforcement of the walls tested by Thiele et al. (2000) 

 

 

Figure 2-10. South side of the wall WPH2 after failure. Buckled zone. (Thiele et al., 2000) 
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2.2.1.5 Thomsen and Wallace (2004) 

Six quarter-scale wall specimens were tested under the experimental verification 

carried out by Thomsen and Wallace (2004), but because of the scope of this research, only 

the results of two solid rectangular (RW1, RW2) and two T-shaped (TW1, TW2) walls cross 

sections are presented. Figure 2-11 and Figure 2-12 show the reinforcing details of the four 

specimens which were subjected to cyclic lateral displacements in combination with axial 

loads of approximately 0.10Agf'c., where Ag is the gross cross-section area of the wall and fôc is 

the concrete compressive strength.  

 

 

Figure 2-11. Reinforcing details for the rectangular walls tested by Thomsen and Wallace (2004) 

 

Specimen RW1 reported significant loss in lateral load capacity when buckling of the 

longitudinal reinforcement was produced at 2.5% drift. RW2 behaved similarly, but because 

of the closer spacing of the hoops at the boundary elements, the lateral load capacity was 

maintained longer. Specimen TW1 experienced brittle failure for a drift of 1.25%, where 

buckling of the bars located along the boundary element and the web was observed. Even 

though the lateral load capacity for the specimen TW2 exceeded the response from TW1, it 

was the only one affected by out-of-plane buckling deformations primarily caused by a very 

narrow confined core. Figure 2-13 reveals the damage at the end of the tests for the four 

specimens.     
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Figure 2-12. Reinforcing details of the T-shaped walls tested by Thomsen and Wallace (2004)  

(a) TW1, (b) TW2. 

 

 

Figure 2-13. Walls (a) RW1 damageð2% drift; (b) RW2 damageð 2.5% drift; (c) TW1 damageð1.25% drift; and 

(d) TW2 damageð2.5% drift  
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2.2.1.6 Brueggen (2009) 

Two T-shaped RCSW were subjected to multidirectional cyclic loading as part of a 

research program focused on developing a simplified modeling approach to predict the 

response of structural walls under the philosophy of performance-based design. The 

reinforcing detailing of the two specimens NTW1 and NTW2 is shown in Figure 2-14 and 

Figure 2-15.   

  

    

Figure 2-14. NTW1 detailing. Section and elevation views. 

 

 

Figure 2-15. NTW2 detailing. Section and elevation views. 
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The damage during the flange-in-tension direction of the wall NTW1 was caused by 

the failure of the confinement in the boundary element of the web; consequently, concrete core 

crushed and the longitudinal reinforcing buckled. This behavior was associated with 

unwinding of the confining hoops close to the base of the web tip. Based on the structural 

performance of NTW1, when constructing the wall NTW2, the open corner of the hoops was 

relocated out of the extreme compression reinforcement and additionally the confined region 

was extended. The modifications led to a failure caused by fracture of the confining 

reinforcement.  

The study concluded that increasing the length of the boundary elements produced an 

irrelevant effect on the general structural behavior of the latter specimen whose north flange 

experienced out-of-plane buckling as illustrated in Figure 2-16. The results also demonstrated 

that the skew-direction loading did not increment significantly the maximum compression 

strains in comparison to the orthogonal loading at the same drift level, nor it did generate larger 

compression strains in the unconfined regions of the specimens which would provoke early 

web failure.  

 

 

Figure 2-16. North flange tip of the NTW2 wall tested by Brueggen (2009) 
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2.2.1.7 Aaleti et al. (2013) 

In order to investigate the consequences of considering continuous reinforcement (N), 

lap splices (S), and mechanical couplers (C) in the plastic hinge region, three identical 

rectangular RCSW were built and tested under cyclic reversal loadings. Two different 

boundary elements were included in the design with the purpose of accounting for a flange. 

Figure 2-17 shows the cross section and elevation views of the specimens.  

Specimens RWN and RWC experienced lateral instability in the left boundary elements 

by the time a 2.0% drift was reached. Figure 2-18 shows the local buckling behavior of the 

specimen RWC. The cause of the failure was attributed to the combination of large 

compressive forces, large tensile strains developed in previous cycles, large in-plane 

displacements, and the lack of out-of-plane supports at the level of the floor diaphragms. 

Specimen RWS, with twice the longitudinal reinforcement, did not exhibited out-of-plane 

buckling instability.  

 

 

Figure 2-17. Reinforcement details of the three walls (RWN, RWC, and RWS) tested by Aaleti et al. (2013) 
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Figure 2-18. Buckling of the boundary element. Specimen RWC 

 

2.2.1.8 Alarcon (2013) 

After the 2010 Chile earthquake, some experimental programs have been conducted in 

that region in order to reproduce the different observed failure modes in RCSW. In particular, 

Alarcon (2013), captured the influence of the axial load ratios in the seismic structural 

performance of thin rectangular RC walls without seismic detailing. A prototype RC wall was 

established as a function of a survey of walls damaged in the mentioned earthquake. This 

project involved the construction of three identical 1:2 scaled RC wall specimens subjected to 

in-plane double-cycle increasing displacements following the application of axial loads. 

Constant ALRs of 0.15, 0.25, and 0.35 were considered for each specimen. Figure 2-19 

presents the geometry and reinforcement of the three specimens. A cross section of 700mm 

length, 100mm thick, and 1600mm height was utilized. The average concrete strength was 27.4 

MPa. Steel yielding strengths of 420 MPa and 500 MPa were employed for the longitudinal 

and transverse reinforcement, respectively.  
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Figure 2-19. Reinforcement detailing of walls tested by Alarcon (2013) 

 

The failure mode detected in the three walls was controlled by axial-flexure interaction 

associated with a relatively high M/V*lw ratio of 2.5 (M:moment; V:shear). The sequence of 

the observed structural behavior for the three walls was, flexural cracking, yielding of 

reinforcement, vertical cracking, concrete spalling and reinforcement buckling accompanied 

with opening of horizontal reinforcement, concrete crushing failure, and wall buckling. Out-

of-plane buckling was developed as a consequence of compressive failure and small wall 

thickness (Figure 2-20). The results indicated that high ARLs induce a substantial decrease in 

the ultimate curvature, displacement capacity, and ductility.        
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Figure 2-20. Observed behavior of three walls tested by Alarcon (2013) 
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2.2.1.9 Marihuén (2014) 

This study was part of a large experimental program where Alarcon (2013) was 

involved. Marihuén (2014) tested six walls in total with a length lw equal to 700mm. Figure 

2-21 presents the different reinforcement detailing considered for each specimen. The material 

mechanical properties were similar to the values specified in the latter case study. 

     

 

Figure 2-21. Reinforcement detailing for the walls tested by Marihuén (2014) 

  

In general, five specimens suffered out-of-plane buckling deformations after crushing 

was observed at the bottom regions of the walls, Figure 2-22. Only wall M8 behaved 

differently, which failed due to flexural-compression effects without exhibiting out-of-plane 

buckling after crushing. The difference can be attributed to the transverse reinforcement 

distribution that consisted of locating the closed stirrups in the space between the principal 

horizontal reinforcement and not at the same level.    
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Figure 2-22. Observed damage of specimen M5 tested by Marihuén (2014) 

  

2.2.1.10 Rosso et al. (2015) 

Five thin flanged reinforced concrete walls were tested at Swiss Federal Institute of 

Technology in Lausanne (EPFL) under different in-plane and out-of-plane loading protocols. 

The response of walls TW1 and TW4 are detailed by Rosso et al. (2015), where significant 

damage was observed at the end of the tests. These two full scaled walls were geometrically 

identical and only considered a single layer of longitudinal and transverse reinforcement. The 

web was 2,000mm tall, 80mm thick, and 2,620mm long. The flange was 80mm thick and 

440mm long. Figure 2-23 shows the geometry and reinforcement detailing of the specimens.  

Mainly, the test results showed that premature in-plane failure of thin walls including 

only a single layer of reinforcement could be caused by large out-of-plane deformations. 

Additionally, it was demonstrated that out-of-plane deformations larger than half of the wall 

thickness did not necessarily lead to inelastic buckling failure of a wall contrary to what was 

suggested by Paulay and Priestley (1993).  Figure 2-24 captures the deformed shapes of TW1 

and TW4.   
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Figure 2-23. Geometry and detailing of walls TW1 and TW4 tested by Rosso et al. (2015)  

 

 

Figure 2-24. Deformed shapes: (a) Wall TW1 at 0% in-plane drift; (b) Wall TW1 at the end of the test; (c) Wall TW4 

at the end of the test. (Rosso et al., 2015)  
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2.2.2 Laboratory studies in boundary elements ï prisms 

 Noticing the concentration of damage in the boundary elements of planar RCSW due 

to higher stress and strain demands (Goodsir, 1985), some investigations have been carried on 

prisms, which constitute an economical procedure to study the influence of critical parameters 

associated with out-of-plane instability of RCSW. In general, the prisms are subjected to axial 

tensile and compressive actions to simulate vertical seismic components developed in the 

boundary elements of RCSW. Table 2-3 summarizes the principal parameters that varied in 

the experimental programs reviewed in this section. 

   

Table 2-3. Parametric Study - Prisms 

Test 

Name 
# of prisms 

Material  

Properties 

Geometry Reinforcement 
Max. 

Tensile 

Strains 

[%]  

Axial Load Type, 

T-Tension 

C-Compression 

Cross 

Section 

[mm2] 

Clear 

Cover 

[mm]  

Height 

[mm]  

Long. 

[%]  

Trans. 

dt@sh 

[mm]  
fôc 

[MPa] 

fy 

[MPa] 

(Goodsir, 

1985) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

24.1 

24.1 

24.1 

24.1 

29.0 

29.0 

29.0 

29.0 

29.0 

442 

442 

442 

290 

290 

290 

350 

350 

350 

160x480 12.5 

970 

970 

970 

970 

970 

730 

730 

490 

490 

3.14 

5@64 

6@64 

6@96 

5@64 

5@64 

5@64 

5@64 

5@64 

5@64 

- 

- 

N/A 

2.3 

- 

- 

- 

2.5 

- 

cyclic T - C 

cyclic T - C 

C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

(Chai & 

Elayer, 1999) 

1 

2 

3,4,5 

6,7,8 

9,10,11 

12,13,14 

34.1 

375 

455 

375 

455 

375 

455 

102x203 6 

1199 

1199 

1505 

1505 

1811 

1811 

2.1 

3.8 

2.1 

3.8 

2.1 

3.8 

6@57 

6@76 

6@57 

6@76 

6@57 

6@76 

2.55 

1.85 

1.61 

1.43 

1.39 

1.17 

cyclic T - C 

(Creagh et al., 

2010) 

1 

2 
30 460 152x305 19 915 3.7 9.5@50 

4.0 

N/A 

1 cycle T - C 

C 

(Chrysanidis 

& Tegos, 

2012b) 

1 

2 

3 

4 

5 

24.89 604 75x150 8 900 2.68 4.2@33 

0.0 

1.0 

2.0 

3.0 

5.0 

1 cycle T - C 

(Chrysanidis 

& Tegos, 

2012a) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

23.33 

22.22 

22.82 

22.82 

23.26 

23.26 

23.26 

23.26 

23.26 

23.26 

23.26 

604 75x150 8 900 

1.79 

2.68 

3.18 

3.68 

4.02 

4.19 

5.47 

6.03 

7.15 

8.21 

10.72 

4.2@33 3.0 1 cycle T - C 

(Shea et al., 

2013) &  

(Flintrop et 

al., 2013) 

1 

2 

3 

4 

5 

6 

7 

8 

28 414 152x381 25 762 2.9 

9.5@203 

9.5@203 

9.5@152 

9.5@152 

9.5@203 

9.5@152 

9.5@114 

9.5@114 

4.5 

3.0 

4.5 

4.5 

4.5 

4.5 

4.5 

4.2 

cyclic T - C 
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Table 2-3. Continued 

Test 

Name 
# of prisms 

Material  

Properties 

Geometry Reinforcement Max. 

Tensile 

Strains 

[%]  

Axial Load Type, 

T-Tension 

C-Compression 

Cross 

Section 

[mm2] 

Clear 

Cover 

[mm]  

Height 

[mm]  

Long. 

[%]  

Trans. 

dt@sh 

[mm]  

fôc 

[MPa] 

fy 

[MPa] 

(Welt, 2015) 

CS14 

CS10 

CS16 

CS17 

CS8 

CS1 

CS4 

CS6 

CS2 

26 

26 

32 

32 

27 

27 

27 

27 

27 

576 

576 

553 

553 

576 

576 

576 

576 

576 

381x203 16 1016 2.6 

9.5@64 

9.5@64 

9.5@64 

9.5@64 

9.5@128 

9.5@64 

9.5@64 

9.5@64 

9.5@64 

1.09 

2.0 

2.4 

2.47 

1.35 

2.0 

2.1 

2.25 

5.0 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

cyclic T - C 

Pre-strain + cyclic 

 

2.2.2.1 Goodsir (1985) 

Nine prisms were tested as part of the experimental program described previously. 

Once Goodsir (1985) completed the tests on the RCSW, the potential of out-of-plane instability 

developed in the boundary elements when the walls were subjected to reversal lateral loads 

was detected. Figure 2-25 shows the details of a typical prism considered in this study 

including the testing assembly. Aspect ratios of 7, 5.5, and 4 were utilized.  

 

 

    
 

Figure 2-25. Reinforcement details and test set-up of a typical prisms considered by (Goodsir, 1985) 
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Axial displacements were imposed to reach the set of strains in tension and 

compression. Only unit #3 was imposed a monotonic load and it performed well. The 

specimens with the two highest aspect ratios developed buckling failure. The two units with 

aspect ratio of 4 reported a failure associated with concrete crushing although out-of-plane 

deformations were also recorded. Degradation of bond between the longitudinal reinforcement 

and the concrete was identified to be more critical at higher strains for cyclic loading in 

comparison to monotonic loading. Figure 2-26 presents the final state of four of the prisms 

tested in this program. 

 

 

Figure 2-26. Final state of four prisms tested by  (Goodsir, 1985) 

        

The Euler buckling theory was used as an attempt to predict the out-of-plane 

deformations on the prisms, however the results fell apart from what was expected. This 

research highlighted the fact that buckling instability is prone to happen with increasing aspect 

ratios and high tensile strain levels. In fact, Goodsir (1985) defined this mechanism as the 

effect of large inelastic tensile strains accompanied by cracking of the boundary elements at 

the level of the plastic hinge region. Under load reversals, out-of-plane deformations can be 

generated in the compression zone as a consequence of two possible scenarios: remaining 

horizontal open cracks, and exceedance of limit tensile strains.  
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2.2.2.2 Chai and Elayer (1999) 

Fourteen prisms were tested to establish the maximum tensile strain that a ductile prism 

could sustain under quasi-static axial forces. The axial reversed cyclic loading comprised an 

initial half-cycle of axial tensile strain followed by a compression half cycle. The target 

compressive strain for twelve prisms consisted of 1/7 of the axial tensile strain and 1/5 for the 

other two specimens. Aspect ratios (Lo/bw = height/thickness) of 11.75, 14.75, and 17.75 were 

used in a combination with two longitudinal reinforcement ratios of 2.1% (6 bars 9.525mm) 

and 3.8% (6 bars 12.7mm). Transverse ties of 6.4mm diameter spaced at 57mm and 76mm 

were adopted as a function of the longitudinal rebar diameter, respectively. Figure 2-27 shows 

the geometry and reinforcing details for the specimens considered in the experimental program.       

 

 

Figure 2-27. Cross area and reinforcement details of prisms tested by Chai and Elayer (1999) 

 

In general, the prisms with 2.1% longitudinal steel ratio exhibited out-of-plane 

instability upon compressive loading after reaching larger tensile strains compared with the 

prisms with 3.8% reinforcement content. In addition, the cases with the largest Lo/bw ratio 
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reported lower tensile strains before the onset of inelastic buckling was captured upon 

compression. These findings suggest that the longitudinal reinforcement ratio and the height-

to-thickness ratio play an important role on the lateral stability of walls. Figure 2-28 shows 

samples of two buckled shapes for prisms with aspect ratios equal to 14.75 and 17.75, 

respectively. 

 

 

Figure 2-28. Samples of buckled shapes for prisms tested by Chai and Elayer (1999) 

  

A kinematic relation between the axial strain and the out-of-plane displacement had 

been proposed previously by Paulay and Priestley (1993) once the tensile strains imposed on 

a RCSW was recognized as a critical parameter that governs its lateral stability. Chai and 

Elayer (1999) proposed an improved phenomenological model based on the same concept. 

When the maximum tensile strain values predicted from the two mentioned formulations were 

compared to the tests results of this experimental program, both methods showed to be 

conservative.  
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2.2.2.3 Creagh et al. (2010) 

Two prisms were tested by Creagh et al. (2010) to demonstrate how tensile strains 

reached in special boundary elements affect the load bearing capacity and incite a buckling 

failure mode. The specimens were constructed as shown in Figure 2-29. The first prism was 

tensioned until yielding and then it was subjected to sequential tensile strains of 1.5, 2.0, 3.0, 

and 4.0%; the later followed by a single compressive action until failure. The second prism 

was directly subjected only to compression. 

 

 

Figure 2-29. Geometry of specimens tested by Creagh et al. (2010) 

 

The damage of the specimens at the end of each test is presented in Figure 2-30. Two 

different failure mechanisms were observed: prism #1 evidenced buckling instability; and, 

prism #2 suffered a brittle failure due to concrete crushing in the upper zone. The final 

compression capacity of prism #1 resulted to be equal to a third of the one exhibited by prism 

#2. Further research was suggested on the conditions that make the boundary elements more 

vulnerable to excessive tensile strains. Still, a method to prevent out-of-plane buckling was not 

proposed. 
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Figure 2-30. Damage stages of specimens tested by Creagh et al. (2010) 

 

2.2.2.4 Chrysanidis and Tegos (2012b)  

The effect of high tensile strains reached in boundary edges of thin RCSW with respect 

to the ultimate bearing capacity as a function of a decrease in the effective rigidity was studied 

by Chrysanidis and Tegos (2012b). Five identical 1:3 scaled specimens were experimentally 

tested during this study. The geometry and reinforcement details of the prisms are shown in 

Figure 2-31.      

The specimens were subjected to five elongation levels with values of 0.0, 10.0, 20.0, 

30.0, and 50.0ă, respectively. A uniaxial tensile load followed by a concentric compression 

load constituted the load pattern for the tests. Different structural behaviors were detected in 
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the process. The three first specimens reported failure modes related to crushing of the 

compression zone. The last two specimens with elongations levels of 30.0ă and 50.0ă 

experienced compressive capacity reductions in the order of 38% and 26%, respectively. The 

failure mechanism recounted for these latter specimens was associated with out-of-plane 

buckling.  

 

 

Figure 2-31. Geometry details of the specimens tested by Chrysanidis and Tegos (2012b) 

 

The stated results corroborate the close relationship between the levels of tensile strains 

and the performance of boundary ends of thin RCSW. Additionally, this study identified the 

lateral instability as a complex phenomenon that requires further examination since it does not 

only depend on aspect ratios as suggested by some design codes (ACI 318-14, 2014)(Canadian 

Standards Association, 2004). Figure 2-32 illustrates the final state of the specimens at the end 

of the tests. The legend below each case describes the rebar distribution, the longitudinal 

reinforcement ratio multiplied by 100, the degree of elongation (ă), and the number of the 

specimen.    

 



35 

 

Figure 2-32. Failure mechanism of the five specimens tested by Chrysanidis and Tegos (2012b) 

 

2.2.2.5 Chrysanidis and Tegos (2012a)  

With the aim of expanding previous research, another eleven specimens with similar 

geometries but different longitudinal reinforcement ratios, between 1.79 and 10.72%, and 

different concrete strengths were tested. All specimens were subjected to a single tensile strain 

degree of 30.0ă before exposing them to a compression load to complete the cycle.  

As result, two important outcomes are specified: first, an increment in longitudinal 

reinforcement ratio does not reduce the chance of instability because out-of-plane buckling 

was reported for all cases; and second, the mentioned increment does not always lead to a 

buckling failure load rise but it seems to depend on the rebar distribution. Figure 2-33 shows 

the failure modes of the eleven specimens considered in this phase. A procedure to predict the 

local buckling behavior was not suggested as part of this experimental program. 
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Figure 2-33. Failure mechanism of the eleven specimens tested by Chrysanidis and Tegos (2012a) 

 

2.2.2.6 Shea et al. (2013) and Flintrop et al. (2013) 

Eight reinforced concrete prisms were subjected to cyclic loading as part of the 2013 

NEES@UCLA project. The longitudinal reinforcement ratio and the prism height (762 mm) 

were identical for all eight specimens but hoop spacing varied. The cross-area and detailing of 

the prisms are exhibited in Figure 2-34. Regarding the material properties, 28 MPa and 414 

MPa were the values for the concrete strength and the steel yielding stress, respectively.       
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The tests consisted of inputs of diverse magnitudes for maximum compression strains 

between 0.2% and 0.6%, and maximum tension strains of 2.0% and 4.5%, as can be noticed in 

Figure 2-35. Prisms #1, #2, and #4 evidenced rebar buckling as a failure mode. Prism #3 

reported out-of-plane buckling similar from what prisms #5 and #6 revealed at the end of the 

tests (Flintrop et al., 2013). Prisms #7 and #8 failed do to out-of-plane buckling and concrete 

crushing, respectively (Shea et al., 2013). Figure 2-36 shows the failure modes of the last four 

specimens considered in this experimental program. 

  

 

Figure 2-34. Cross-section and detailing of the eight prisms tested by Shea et al. (2013) and Flintrop et al. (2013) 

 

 

 

Figure 2-35. Strain history covered in the 2013 NEES@UCLA project 
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Figure 2-36. State of prisms reported by Shea (2013) and Flintrop (2013) 

 

The more significant conclusions of this project are first, a limit for the concrete cover 

should be provided to guarantee the stability in the core; and second, a limit for the wall 

thickness must be required when large tension and compression strains are expected, which 

has been considered for various design codes previously. As it has been stated in other studies, 

more research is suggested to establish a ductile compressive failure of RCSW.   

 

2.2.2.7 Welt (2015) 

Nineteen 2:3 scaled prisms representative of modern boundary elements of RCSW 

were tested by Welt (2015) to determine the influence of different parameters on the strength 

and strain capacity of compression members. The studied parameters were transverse 



39 

reinforcement detailing, longitudinal reinforcement ratios, loading protocol, and debonding of 

longitudinal reinforcement. Only the specimens subjected to cyclic axial compressive and 

tensile strains are detailed in this section. Figure 2-37 presents the cross-sections of these 

selected specimens. Prism CS12 was also subjected to cyclic loading, however, since bar 

bonding conditions were varied for this case, then its results are excluded from this review.  

 

 

Figure 2-37. Cross-sections and detailing of the selected specimens tested by Welt (2015)  
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   Only prisms CS1 and CS2 were conceived to study the influence of tensile pre-strains 

prior compressive loading on the strength capacity of boundary elements. Figure 2-38 exhibits 

the damage states at the end of the tests for prisms CS1 which did not include a tensile pre-

strain and CS2 which considered a 5% tensile pre-strain. Both prisms were subjected to 

reversed-axial cyclic loading. The damage propagation in prism CS2 was not uniform across 

its thickness, showing the presence of P-ŭ effects, which were evident at the time the prism 

returned to a neutral displacement position after experiencing the 5% tensile pre-strain and 

before continuing with the reversed-cyclic loading. Welt (2015) noticed that the higher tensile 

pre-strains caused a compressive strength reduction close to 50%. Regarding the remaining 

parameters analyzed for the other specimens, the test results indicated that crossties do not 

provide enough restraint to prevent bar buckling; and, additionally, it was observed that only 

closed hoops around every bar increase the strain compressive capacity of the specimens.  

 

 

Figure 2-38. Final states of prisms CS1 and CS2 tested by Welt (2015); a) without, and b) with tensile pre-strain.   
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2.3 State of the art in out-of-plane instability prediction 

The following subsections describe the fundamentals of the phenomenological models 

created in the 1990s to prevent out-of-plane buckling instability. Because of their simplicity 

and efficiency, these models have been suggested to be implemented in existing design 

procedures to limit wall thicknesses of ductile RCSW.       

2.3.1 Phenomenological models   

Goodsir (1985) defined the out-of-plane instability as a mechanism that develops 

during different stages when walls are subjected to in-plane cyclic reversal loading. At high 

in-plane displacements in one direction, large tensile strains and wide horizontal cracks appear 

in the boundary element subjected to tension along the plastic hinge region. While unloading 

through the opposite direction, compression strains, originated from the axial load and the 

moment caused by its eccentricity tend to balance the remaining tensile strains. During this 

stage as the in-plane lateral load increases, out-of-plane deformations could develop. The 

described behavior is presented in Figure 2-39, which shows the deformations and strain 

patterns in the plastic hinge region of RCSW.      

 

 

Figure 2-39. Deformation and strain patterns in a plastic hinge region. (Goodsir, 1985) 
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Figure 2-39 illustrates two possible scenarios. First, if the horizontal cracks close before 

reaching a critical state, explained below, the out-of-plane deformations are small and the 

compressive force is sustained without exhibiting instability. On the contrary, if the horizontal 

cracks remain open, large out-of-plane deformations develop and consequently instability is 

evidenced by a reduction in the strength of the wall.       

In order to capture the mentioned critical stage, Paulay and Priestley (1993) created a 

model that involves the relationship between tensile strains reached under in-plane loading and 

out-of-plane deformations manifested simultaneously under reversal loading; additionally, the 

model suggests an out-of-plane deformation limit  to prevent wall local buckling. 

In this context, Equation (2-1) restrains the maximum tensile strain value to ensure 

lateral stability of structural walls.        
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where ɓ = d/bw is a parameter defining the position of the longitudinal reinforcement; bw and 

d are the thickness and the transverse effective depth of the wall section, respectively; the 

buckled length of the wall Lo, can be taken equal to the plastic hinge length, Lp, of a wall as 

established by Paulay and Priestley (1992). However, as noted by Johnson (2010) and Rosso 

et al. (2015), this consideration may lead to poor predictions. Consequently, the buckled length 

developed between the contraflexure points should be considered instead.     

The stability criterion is defined as: 
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where m is the mechanical reinforcement ratio, ɟend is the longitudinal reinforcement ratio of 

the compression region of the wall, fy is the yield strength of the longitudinal reinforcement, 

and fôc is the uniaxial compressive strength of the concrete. 

Based on this approach, Chai and Elayer (1999) carried out the previously described 

experiment program on prisms and proposed a phenomenological Equation (2-4) to evaluate 

maximum axial tensile strains developed in the compression zone of RCSW to prevent 

buckling instability when exposed to in-plane reversal loading.  
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where Ůy is the yielding strain of the longitudinal reinforcement and c is a coefficient that 

reflects the variation of the curvature along the buckled zone.  

Chai and Elayer (1999) assumed sinusoidal curvature distribution, c = 1/ˊ2. Paulay and 

Priestley (1993) considered a constant curvature distribution, which had been suggested earlier 

by Goodsir (1985), then c = 1/8. The main difference between these two formulations is 

determined by the second term of Equation (2-4), which considers the hysteretic response of 

the longitudinal bars located in the idealized compressive region. According to Chai and Elayer 

(1999), the maximum tensile strain, Ůsm, consists of three components: 

 

 
*

sm a e re e e e= + +  (2-5) 

 

where Ůa*  is the axial strain at first closure of cracks, Ůe is the strain required to yield the 

reinforcement in compression, and Ůr accounts for the effect of strains elastically recovered 

during unloading. The two last components can be expressed as proportions of Ůy, (i.e., Ůe = 1Ůy 

and Ůr = 2Ůy).   

 Figure 2-40 shows the idealized response of a prism in terms of nominal axial strain 

and axial force from a last cycle where inelastic buckling was captured. The three mentioned 

strains components are identified in the graph. The experimental results showed that coefficient 
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ɖ1 is close to 1.5 and coefficient ɖ2 varies in the range of 3 to 5. For design purposes, these 

coefficients were assumed to be 1 and 2, respectively.  

From Chai and Elayer (1999) study, Equations (2-1) and (2-4) resulted to be 

conservative, but because of their simplicity they can be easily applied in design procedures to 

limit the wall thickness of planar RCSW as proposed in (Chai and Kunnath, 2005).  

 

 

Figure 2-40. Idealized nominal axial strain vs. axial force response (Chai and Elayer, 1999)  

 

The phenomenological models described in this section consider a constant or close to 

constant axial load over the height of the boundary region. A similar assumption was involved 

in the Parra and Moehle (2014) approach, presented in Equation (2-6), which is based on the 

modeling concepts proposed by Paulay and Priestley (1993).   
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where bcr is the critical width of the wall, khu is the effective length equal to 0.5hu assuming 

fixed ends, and hu is the clear interstory height. Equation (2-6) was derived for preliminary 

design of walls with two curtains of reinforcement. The effects of the longitudinal steel content 

is omitted from the Parra and Moehle (2014) approach since the stability criterion was 

simplified by a practical value of 0.25. However, tests on prisms suggest that one of the most 

influential parameters on the onset of lateral instability is the longitudinal reinforcement ratio 

and consequently this approach would need further improvements.  

 In addition, Parra (2015) studied the effect of strain gradients along the height and 

length of a wall on the onset of buckling instability through FE numerical simulations. The 

results showed that the gradient of the axial force along the boundary element height is more 

consequential than the strain gradient along the wall length. In order to account for the effects 

of a non-uniform distribution of the axial load, Parra (2015) suggested a correction factor for 

Equation (2-6), which was derived from the results of the FE modeling. The new approach 

estimates the maximum tensile strains as  
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  (2-7) 

 

where Ŭ is the parameter that represents the axial force profile, considered as 0.2 for practical 

solutions. According to Parra (2015), Equation (2-6) would overestimate the wall thickness 

required to prevent instability and consequently Equation (2-7) would report a more reasonable 

estimation.     

2.3.2 Code requirements 

The following subsections compile the approaches implemented in common codes to 

limit the minimum wall thickness that could prevent buckling instability of planar RCSW.    
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2.3.2.1 ACI 318 (2014)  

Observed damage in recent earthquakes and laboratory studies on RCSW and prisms 

replicated as boundary elements suggest that slim end regions can be prone to local inelastic 

buckling under in-plane cyclic load reversals. Considering this fact, the ACI 318 (2014) 

Chapter 18 establishes limits on slenderness for special structural walls or pier walls when 

special boundary elements are required in accordance with sections 18.10.6.2 or 18.10.6.3. A 

minimum wall thickness bw Ó hu/16 is recommended by section 18.10.6.4 (b); hu, is the laterally 

unsupported height at extreme compression fiber of a wall or pier wall.  

 

 

Figure 2-41. Design provisions of boundary element for special RCSW. [Fig. R18.10.6.4.2 ACI 318 (2014)]  
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In the case where hw/lw Ó 2.0 and c/lw Ó 3/8, section 18.10.6.4 (c) suggests a minimum 

wall thickness of 300 mm to prevent lateral instability of the compression zone once the 

concrete cover is lost. In the expressions, hw, is the total height of the wall; lw, is the length of 

the wall; and, c is the largest neutral axis depth associated with the factored axial load Pu, and 

the nominal moment strength, consistent with the design displacement ŭu.  

Figure 2-40 summarizes the design provisions of boundary element for special RCSW 

[Fig. R18.10.6.4.2 ACI 318 (2014)]. The aspect ratio hw/lw defines two cases to consider. In 

addition, depending on the extreme fiber compressive stress and the longitudinal reinforcement 

ratio, three vertical regions are established.    

 

2.3.2.2 AASHTO LRFD Bridge Design Specifications (2010) 

In accordance with Section 5.5.4.3 from the AASHTO LRFD Bridge Design 

Specifications (2010), the structure as a whole and its components shall be designed to resist 

buckling. The seismic design provisions for wall-type piers conforming to Article 5.10.11.4.2 

do not explicitly include a criterion to avoid the onset of out-of-plane instability. 

 

2.3.2.3 AASHTO Guide Specifications for LRFD Seismic Bridge Design (2011)  

The pier wall thickness is determined so the nominal shear capacity ( nV  ) satisfies the 

upper limit in Equation 8.6.9-2 from Section 8.6.9 (AASHTO, 2011), as follows: 

 

  ' '(0.13 ) 0.25 ( )n c h yh c eV f f f A kipsr= ­+ ¢  (2-8) 

 

where /h vA b sr= Ö,  ὃ  is cross-section area of shear reinforcement in direction of loading 

(in2), b is the section width (in), s is tie reinforcement spacing (in), fôc is concrete compressive 

strength (ksi), fyh  is tie reinforcement yielding stress (ksi), 0.8e gA A= , and gA  is the gross 

cross section area. 
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Neither aspect ratios nor other formulations to prevent out-of-plane instability of pier 

walls are included in the AASHTO Guide Specifications for LRFD Seismic Bridge Design 

(2011).     

 

2.3.2.4 Caltrans Seismic Design Criteria (2013) 

Minimum thickness requirements are established as a function of the shear capacity of 

pier walls in accordance with Section 3.6.6 (Caltrans, 2013). The thickness is determined so 

the shear stress satisfies Equation 3.6.6.2-2:  
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where 
pw

nV  is the nominal shear strength of a pier wall in the strong direction, fôc is concrete 

compressive strength, and gA  is the gross cross section area.   

The Caltrans Seismic Design Criteria (2013) does not contain any method to control 

the out-of-plane buckling failure mode of pier walls.     

 

2.3.2.5 Canadian Standards Association (2004) 

In accordance with section 21.6.3 (Canadian Standards Association, 2004), ductile 

walls with a ductility-related force modification factor Rd of 3.5 or 4 and hw/lw>2, require a 

wall thickness equivalent to lu/10 in the zone where a plastic hinge is expected; lu is the clear 

span or unsupported length between floors or other effective horizontal lines of lateral. 

2.4 Local buckling prediction assessment 

Herrick and Kowalsky (2016) compared the predictions from the Paulay and Priestley 

buckling model (PPBM) and the Chai and Elayer buckling model (CEBM) for selected RCSW 

tested by others in the past. Figure 2-42 shows normalized in-plane displacements captured 

before out-of-plane buckling occurred for walls subjected to cyclic loads from the Herrick 
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(2014)ôs database. Some walls from this database were not tested with the purpose of capturing 

inelastic buckling. The in-plane displacements were normalized against the displacements 

calculated from the PPBM and CEBM associated with the maximum vertical tensile strains 

sustained prior to buckling. A moment curvature sectional analysis program, CumbiaWall, was 

used for this purpose. Note that the prediction of the CEBM agrees better than the PPBM.  

 

 

 

Figure 2-42. Wall experimental displacements normalized to PPBM and CEBM displacements.  

(Herrick and Kowalsky, 2016) 
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A complementary analysis was conducted in the same study. Considering the PPBM 

and CEBM, Herrick and Kowalsky (2016) established a limit state related to the maximum 

tensile strains captured before out-of-plane instability was observed during selected 

experimental programs where RC prisms were tested under cyclic and monotonic axial loads. 

Once the experimental tensile strains were identified for each case, they were compared with 

the predicted values demonstrating that the PPBM shows more discrepancy than the CCBM, 

which can be perceived from Figure 2-43.     

 

 

 
Figure 2-43. Experimental prism strains normalized to PPBM and CEBM strains.  

(Herrick and Kowalsky, 2016) 
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Note that monotonic loading cases were set as ñzeroò in both examinations, for walls 

and prisms. The symbol óxô represents cycles where buckling instability was detected, and óoô 

denotes the cycles where buckling was not captured. The specimens were assumed to 

experience a buckling failure mode after detecting moderate loss of strength, in the range 

between 10% and 30%, accompanied by visible out-of-plane deformations. In conclusion, the 

two models are promising at predicting out-of-plane buckling of prisms; however, when 

applied to walls, the predictions tend to be conservative, especially for the PPBM.  

A parametric study was also conducted by Herrick and Kowalsky (2016) where 

variables most likely to be important for stability were identified. These include wall geometry, 

reinforcement details, single versus double-layers reinforcement, plastic hinge length, and 

material properties. The results revealed that out-of-plane instability is primarily influenced by 

geometric properties: height, length, and thickness. This implies that wall aspect ratios should 

be limited to prevent local plastic buckling failure modes.  
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CHAPTER 3: STUDY PLAN 

Chapter 3 covers the research gap identified through Chapter 2 and the research 

objectives to be addressed during the experimental program and the analytical study. 

3.1 Research Gap 

From Herrick and Kowalsky (2016) study, further analytical and experimental 

investigations are suggested to detect the effect of missing parameters (e.g., combined loading 

protocols) and the actual influence of some variables deemed to be significant for stability 

(e.g., longitudinal reinforcement ratio). Consequently, the main concern of the project 

described throughout this document is to capture the impact of one of those missing parameters 

because no examination has been done to evaluate the influence of out-of-plane loading on 

prisms and wall boundary elements. Even though a few initiatives were developed to study 

local buckling failure in T-shape cross sections walls subjected to biaxial loading, the results 

suggest that additional research is warranted (Wallace, 2012).  

The existing models correlate tensile strain from in plane loading to out-of-plane 

deformation, assuming a prescribed curvature distribution. If loading occurs in the out-of-plane 

direction, the relationship between tensile strain and out-of-plane deformations should be 

adjusted to reflect this. In its simplest form, this would be an addition of an out-of-plane 

displacement to the existing equation. However, out-of-plane displacement may influence the 

distribution of curvature with height, thus requiring additional adjustments to the models.  

3.2 Research Objectives 

The main objective of this study is to develop a model capable of capturing the local 

buckling failure mode of RC structural walls / pier walls due to in-plane loading considering 

the effect of out-of-plane loading throughout analytical and experimental studies.  

The specific objectives for this research are:  

1. Examine the effects of historic earthquakes in RCSW and establish the possible reasons 

that caused failure due to out-of-plane buckling;  
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2. Analyze worldwide test results and provide insights about inelastic stability of RCSW; 

3. Assess analysis methods to predict local buckling behavior and establish an improved 

model to capture the failure mode associated with this phenomenon considering the 

effect of out-of-plane loading;  

4. Calibrate the proposed formulation through an experimental program on prisms 

simulated as wall boundary elements; 

5. Identify additional parameters that influence the onset of buckling instability; and,  

6. Conduct a parametric analysis and propose design guidelines for planar and flanged 

walls to prevent local buckling.   
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CHAPTER 4: METHOD  

Reinforced Concrete Prisms (RCP) representative of compression zones of prototype 

walls have been recognized as suitable elements to study the influence of critical parameters 

affecting the stability of RCSW. Considering this fact, the experimental component of the 

current research contemplates the construction of twelve RCP. The aim of the tests is to 

evaluate the effect of different longitudinal reinforcement ratios in combination with different 

load paths on the onset of out-of-plane instability of planar special RCSW. The analytical 

component of this project considers the creation and validation of a new phenomenological 

model and in addition a parametric study on prisms, both using a fiber-based model calibrated 

based on the experimental results. This section describes the constituents of the experimental 

program that supported the findings of the project. The analytical studies will be described in 

Chapter 5.      

4.1 Experimental program 

Twelve half scaled RCP were experimentally tested in the Constructed Facilities 

Laboratory (CFL) during this project. The support conditions for the RCP are conceived as 

fixed-fixed. Three phases were considered during the experimental program. The first testing 

phase involved controlled load paths where the specimens were subjected to axial 

tension/compression cycles combined with lateral loading to mimic the effects of out-of-plane 

displacements.  

 

Table 4-1. Experimental Phases Matrix  

Phase Configuration 

As Built 

Geometry 

bw x lbe x hw 

Detailing Reinforcement ratio as built 

Longitudinal  Transverse 
Longitudinal  

ɟl 

Transverse 

ɟtx / ɟty 

1 1 5òx12òx60ò 6 #5 1s#3+1t#3 @ 2in. 0.031 0.0138 / 0.022 

2 2 5òx12òx60ò 6 #4 1s#3+1t#3 @ 2in. 0.020 0.0138 / 0.022 

3 3 5.5òx12òx60ò 6 #3 1s#3+1t#3 @ 2in. 0.011 0.0138 / 0.022 
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In the second and third phases, longitudinal reinforcement ratios varied and additional 

loading protocols were followed. In general, the three phases include reinforcement ratios of 

typical values used in RC buildings and employed by the Alaska DOT for pier walls. The 

details associated with the three phases are presented in Table 4-1. 

4.1.1 Tests conceptualization  

When a planar wall section is exposed to the combination of compression strains 

preceded by large tensile strains due to in-plane loading, out-of-plane buckling instability could 

develop causing significant damage especially in the boundary elements. As previously 

implied, the construction of RCP simulating boundary elements of RCSW has resulted more 

convenient to evaluate critical parameters controlling this failure mode, even though the effect 

of axial and longitudinal strain gradients found in RCSW are omitted. Axial tensile and 

compressive loads applied to RCP mimic the axial demands in boundary elements due to in-

plane loading, which constitutes a practical approximation. In addition, if the RCP are 

subjected to out-of-plane loads, then this combination simulates a real case scenario when 

seismic loads strike a wall.  Figure 4-1 shows a special planar RCSW with two boundary 

elements resisting in-plane and out-of-plane demands.  

 

 

Figure 4-1. Conceptualization of the specimens 
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4.1.2 Specimens detailing  

The experimental program comprises a total of twelve RCP built according to the 

recommendations of the ACI 318-14, chapter 18. The first phase consists of testing six 1/2-

scale identical specimens. The thickness of the prisms is 5 inches (127mm) since the cover was 

excluded from the construction. The geometry used is 5òx12òx60ò (127mm x 305mm x 

1,524mm), corresponding to an aspect ratio (hw/bw = height/thickness) of 10 (including the 

missing cover). The longitudinal reinforcement ratio is 3.1% (6 bars #5). Transverse 

reinforcement includes #3 diameter rebar spaced at 2 inches (51mm). 

The geometry of the specimens built for phase 2 was the same as the one adopted during 

the first phase. Phase 3 contemplated a 5.5in. (140mm) thickness. The three specimens related 

to phase 2 included 6 #4 longitudinal bars and the three specimens related to phase 3 consist 

of 6 bars #3, corresponding to reinforcement ratios of 2.0% and 1.1%, respectively. The 

distribution of transverse reinforcement is similar to the one used for the first phase. Figure 4-2 

and Figure 4-3 show the reinforcement detailing of the specimens built for the three described 

phases. 

 

 

 

Figure 4-2. Specimens - Cross Sections 
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Figure 4-3. Specimens - Reinforcement Detailing 

 

4.1.3  Specimens construction 

The reinforced concrete elements, including the twelve specimens, the support block 

and the transfer block, were constructed at the CFL on the North Carolina State Universityôs 

Centennial Campus. The RC elements were built considering three phases, which coincides 

with the number of experimental phases contemplated in the project. The dimensions of each 

element were guaranteed to properly connect each component of the test setup through 

threaded rods and post tensioned bars.  

Rebar cages were assembled for the concrete blocks and then placed in the Steel-Ply 

formwork. Because of the geometry of the specimens, wooden formwork was fabricated at the 

CFL using plywood and dimensional lumber. Separately, the longitudinal and transverse 

reinforcement of the specimens, including their footing and cap beams were assembled using 



58 

wooden templates. Before placing together the reinforcement skeleton and the wooden 

formwork, and in order to create voids in the prisms to connect the infrared LEDs sensors to 

the reinforcement before the tests, small pieces of foam were attached. PVC tubes were 

embedded in the footing and cap beams to later connect the specimens to the transfer block 

and the loading beam, respectively. 

Figure 4-4 shows pictures of the specimens under construction before and after casting.   

Once the formwork was released after 7 days, a needle gun was used to clear the voids and 

subsequently the specimens were cleaned and painted. Before each test, plastic caps used as 

devices to fix the infrared LED sensors to the reinforcement, were attached following a 

prescribed procedure to clean the bars and immediately glue the plastic caps.       

 

     

  
(a)      (b) 

 

  
(c)      (d) 

Figure 4-4. Construction of specimens: (a) prism reinforcement cage; (b) formwork assembly; (c) formwork and 

rebar cage for specimens (d) needle gun used to clear voids 
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4.1.4 Material properties 

4.1.4.1 Concrete 

The specified concrete compressive strength for the three phases was 5,000 psi (35 

MPa). Each concrete mix was produced by a local company and included retarding admixtures. 

A water-based concrete curing and sealing compound was used on the freshly placed concrete 

and subsequently, the specimens were covered with plastic sheeting during the consecutive 7 

days. A total of 72 test cylinders (4-inch-diameter by 8-inch-height) were cast to verify the 

required compressive strength at 7 days, 28 days, and on each specimen test day, according to 

ASTM C39-15 (2015). The average mechanical properties corresponding to the different 

phases and specimens are detailed in Table 4-2. 

 

Table 4-2. Concrete mechanical properties 

Specimen f' c (28 days) f' c (Test day) Ec fr 

 [Ksi]  [M Pa] [Ksi]  [M Pa] [Ksi]  [M Pa] [Ksi]  [M Pa] 

P1 

6.10 42.10 

7.70 53.10 5.00 34.50 0.53 3.70 

P2 7.60 52.40 5.00 34.50 0.52 3.60 

P3 7.40 51.00 4.90 33.80 0.52 3.60 

P4 7.20 49.60 4.80 33.10 0.51 3.50 

P5 7.10 49.00 4.80 33.10 0.51 3.50 

P6 7.70 53.10 5.00 34.50 0.53 3.70 

P7 

6.60 45.50 

7.00 48.30 4.80 33.10 0.50 3.40 

P8 7.60 52.40 5.00 34.50 0.52 3.60 

P9 7.50 51.70 4.90 33.80 0.52 3.60 

P10 

5.80 40.00 

6.50 44.80 4.60 31.70 0.48 3.30 

P11 6.30 43.40 4.50 31.00 0.48 3.30 

P12 6.50 44.80 4.60 31.70 0.48 3.30 

 

The modulus of elasticity Ec and the modulus of rupture fr, were determined from the 

following equations: 

 

  ' '57 [ ]; [ ]c c cE f psi f psi= ­   (4-1) 

  ' '6 [ ]; [ ]r c cf f psi f psi= ­   (4-2) 
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4.1.4.2 Steel Reinforcement 

The longitudinal and transverse reinforcement for all test specimens was ASTM A706, 

Grade 60 (420 MPa) black steel. Gerdau ï Raleigh Reinforcing Steel provided the longitudinal and 

transverse reinforcement for the first phase of this project. Gerdau ï Charlotte Reinforcing Steel 

produced the longitudinal reinforcement for the second phase and the transverse steel for the 

second and third phases. Nucor Steel Seattle, Inc. provided the longitudinal reinforcement for the 

third phase. Batches of reinforcement were required for each diameter and phase. Subsequently, 

tension tests were conducted based on ASTM A370-14 (2014) using the MTS Material Test System 

at the CFL and a 2 in. (51mm) extensometer mounted at mid-height of each bar coupon.  

Rates of 0.5 in/min and 1.0 in/min were applied up to and beyond the yielding point, 

respectively. Figure 4-5 presents the initial and final stages from tensile tests conducted on bars 

#3. Figure 4-6 through Figure 4-8 show representative stress-strain curves from the three different 

bar sizes utilized as longitudinal reinforcement on each phase of the project. The stress-strain 

curves from the #3 stirrups utilized in phase 1 do not exhibit yielding plateau, as shown through 

a representative sample in Figure 4-9.    

 
 

   

Figure 4-5. Initial and final stages from tensile tests conducted on bars #3 
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Figure 4-6. Stress-strain curve from a longitudinal rebar #5 ï Phase 1 

 

 

 

Figure 4-7. Stress-strain curve from a longitudinal rebar #4 ï Phase 2 
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Figure 4-8. Stress-strain curve from a longitudinal rebar #3 ï Phase 3 

 

 

 

Figure 4-9. Stress-strain curve from a transverse rebar #3 ï Phase 1 

 

 The averages of the steel reinforcement material properties are summarized in Table 4-3, 

where fy is the yielding stress; ey is obtained dividing the yielding stress by the modulus of 
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elasticity (Es) equal to 29,000 ksi; fu is the ultimate stress determined as the maximum tensile 

stress. The ultimate strain (eu) is captured at the point where the ultimate stress occurs.  

 

Table 4-3. Steel reinforcement mechanical properties 

Phase Bar Size Reinforcement fy Ůy = fy/Es fu Ůu 

 # Type [ksi]  [MPa] [%]  [ksi]  [MPa] [%]  

1 
3 Transverse 76.70 528.80 0.2644 103.10 710.80 8.5641 

5 Longitudinal 69.30 477.80 0.2389 97.00 668.80 11.3190 

2 
3 Transverse 69.80 481.30 0.2407 100.70 694.30 9.4064 

4 Longitudinal 69.10 476.40 0.2381 91.80 632.90 10.6915 

3 
3 Transverse 69.80 481.30 0.2407 100.70 694.30 9.4064 

3 Longitudinal 62.90 433.70 0.2171 89.90 619.80 12.2084 

 

4.1.5 Test setup and instrumentation 

The test setup was located in the CFL and it consisted of one concrete support block 

attached to the strong floor and connected to a second transfer concrete block, which was 

connected to the base of the specimens. The geometry of these concrete blocks was determined 

as a function of the required height to reach the effective length of the 440kips (1957kN) 

capacity actuators. A 14ft (4.27m) long steel loading beam placed on the top of the specimen 

was connected to three actuators. The two 440kips (1,957kN) capacity actuators in charge of 

inducing axial loads/displacements to the specimens were attached to the strong floor 

throughout steel floor plates. A third 55kips (245kN) capacity actuator used to apply out-of-

plane displacements was horizontally connected to the strong wall through a steel wall plate 

and a steel bracket built specially for these tests.    

Two steel frames were used to restrain torsion in the loading beam, and they were 

connected to each other using steel elements to guarantee global stability of the system. Figure 

4-10 displays the test setup drawings and Figure 4-11 shows a picture of the area where the 

components of the project were placed in CFL. 

The horizontal actuator was controlled by displacements. The vertically inclined 

actuator located at the left hand side of the specimen was controlled by rotations captured 

throughout an inclinometer attached to the center of the loading beam. The actuator placed at 
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the right hand of the specimen was controlled by a combination of forces and displacements 

depending on the yielding point for each test. Loads and strokes in the actuators were measured 

through integrated LVDTs and loads cells.   

 

 

Figure 4-10. Test setup sketch 

 

 

Figure 4-11. Test setup in the CFL at NC State 
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Relative displacements resulting from the interaction between the specimen and the 

transfer concrete block, and between the specimen and the loading beam were obtained using 

two linear potentiometers, respectively. Axial deformations of the prism were registered by 

four string potentiometers. In addition to the LVDT of the horizontal actuator, a string 

potentiometer attached to the strong wall and the loading beam was used to check the lateral 

out-of-plane displacement induced to the specimens.  

A total of 110 infrared LEDs from the optical tracking system Optotrak Certus 

developed by Northern Digital Inc. were placed directly on the steel reinforcement of each 

prism. . Figure 4-12 shows the distribution of the LEDs on the right face of one of the tested 

prisms and the overall allocation of the markers obtained from the Optotrak spatial coordinate 

output.  

 

 

   

Figure 4-12. Optotrak LEDs distribution on right face of a specimen and spatial coordinate output 
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The two Optotrak cameras were strategically located to capture the data on both sides 

of the prisms. During the tests, strains in the longitudinal and transverse reinforcement were 

determined in real time using the MATLAB code ñREALSTRAINò, created specifically for 

this project. In addition, this code was able to capture real time displacements from one of the 

four additional infrared LEDs that were positioned on the front face of the prism cap as a plane 

of reference.  

4.1.6 Loading protocols 

The first and second experimental phases involved controlled load paths where the 

specimens were subjected to axial tensile and compressive loads in addition to lateral 

displacements. When out-of-plane displacements were applied, the compressive loads 

included P-ȹ effects. The third phase only considered axial cycles for reasons explained later. 

Regarding the material properties, an unconfined concrete strength of 5ksi (35MPa) and a 

reinforcement yielding strength of 60ksi (414MPa) were considered as design values to define 

the experimental load history in compression. Actual material properties were used to calculate 

tensile demands. 

4.1.6.1 Experimental Phase 1 

Table 4-4 summarizes the maximum target axial and lateral loads/displacements 

contemplated for the six specimens included in Phase 1. The design axial compression 

capacity, Po, of the prisms contemplated on this phase is equal to 358kips (1,592kN), 

calculated from: 

 

 
'0.85 [ ( )]o c g s y sP f A A f A= Ö - +  (4-3) 

 

Unsymmetrical cycles that included compressive loads and tensile displacements were 

induced to the prisms. The unique compressive target was selected based on Po and the 

corresponding P-ȹ effects when the tests also contemplated permanent lateral displacements, 

determined as a function of drift percentages. P-ȹ effects were established through the linear 

interaction from the following equation:  
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where, Pb = 164kips and Mb = 475kip.in are the axial force and bending moment at balanced 

stage, respectively. The flexural moment at an out-of-plane drift ratio is 

M% = P%(%drift*60in.)/2. Substituting this expression in the previous equation and solving 

for P%, the compressive load is obtained.  

 

Table 4-4. Experimental test matrix of Phase 1 

 

Specimen 

 

Config. 

Load protocol 

Lateral  Axial  

Displacement Type Max. 

Tension 

Max. 

Compression 

Type 

Prism 1 1 17% drift Monotonic 3% 0.5 in. 1 Cycle 

Prism 2 1 0% drift - 12 Ůy Po = 358 kips Cyclic 

Prism 3 1 1% drift Monotonic 14 Ůy P1% = 319 kips Cyclic 

Prism 4 1 4% drift Monotonic 12 Ůy P4% = 241 kips Cyclic 

Prism 5 1 4% drift Cyclic 12 Ůy P4% = 241 kips Cyclic 

Prism 6 1 8% drift Monotonic 12 Ůy P8% = 182 kips Cyclic 

 

The targets in tension were chosen as fractions of the yielding displacement determined 

from: 0.25Ůy, 0.50Ůy, and 0.75Ůy and 1.0Ůy. Subsequently, three identical cycles at different 

axial tensile displacement ductility levels continued until buckling was captured upon 

compressive loading. Further explanation regarding the characteristics of the loading protocols 

followed during Phase 1 is found in Chapter 5.   

 

4.1.6.2 Experimental Phase 2 

Table 4-5 shows the experimental test matrix corresponding to the three specimens 

tested during Phase 2, where the maximum target values reached in the different applied 

load/displacement directions are summarized. The design axial compression capacity, Po, of 

the prisms contemplated on this phase is equal to 322kips (1432kN), calculated as follows: 
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2 20.85 [5 (5 12 0.20 6)] 60 0.20 *6oP ksi in in in ksi in= Ö Ö Ö - Ö + Ö   

 

Table 4-5. Experimental test matrix of Phase 2 

 

Specimen 

 

Config. 

Load protocol 

Lateral  Axial  

Displacement Type Max. 

Tension 

Max. 

Compression 

Type 

Prism 7 2 0% drift - 14 Ůy Po = 322 kips Cyclic 

Prism 8 2 4% drift Monotonic 14 Ůy P4% = 222 kips Cyclic 

Prism 9 2 2.5% drift Monotonic 16 Ůy P2.5% = 251 kips EQ-Sylmar 

Station ('94) 

 

Compressive loads and tensile displacements were induced to the specimens. The 

constant compressive targets were selected based on Po and the corresponding P-ȹ effects that 

were included considering Equation (4-4), where Pb = 165kips and Mb = 418kip.in are the axial 

force and bending moment at balanced stage, respectively.  

The targets in tension were established as fractions of the yielding displacement 

referred as 60Ůy, where 60 represents the height of the prisms. During Phase 1 it was noticed 

that the elastic cycles did not influence the onset of instability, and consequently they were 

eliminated from Phase 2. Beyond the yielding stage and depending on the loading type, 

different tensile targets continued until out-of-plane instability was captured upon compressive 

loading.  

In order to consider the effects of near-field records that contain long duration pulses, 

Test 9 included a seismic axial displacement history based on the structural response of a 

prototype RC wall subjected to an actual in-plane horizontal earthquake record. The 1994 

Northridge earthquake (Sylmar station) was selected since it is characterized for a long 

duration pulse.  

Further explanation regarding the characteristics of the loading protocols followed 

during Phase 2 is found in Chapter 5.   
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4.1.6.3 Experimental Phase 3 

The experimental test matrix detailed in Table 4-6, summarizes the maximum target 

axial and lateral loads/displacements contemplated for the three specimens considered in 

Phase 3. The design axial compression capacity, Po, of the prisms contemplated on this phase 

is equal to 292kips (1299kN), calculated as follows: 

 

 
2 20.85 [5 (5 12 0.11 6)] 60 0.11 6oP ksi in in in ksi in= Ö Ö Ö - Ö + Ö Ö   

 

Table 4-6. Experimental test matrix of Phase 3 

 

Specimen 

 

Config. 

Load protocol 

Lateral  Axial  

Displacement Type Max. 

Tension 

Max. 

Compression 

Type 

Prism 10 3 0% drift - 16 Ůy Po = 294 kips Cyclic 

Prism 11 3 0% drift - 24 Ůy Po = 294 kips EQ-Megathrust 

Prism 12 3 0% drift - 18 Ůy Po = 294 kips EQ-Sylmar 

Station ('94) 

 

Phase 3 considered three different axial loading history: cyclic, megathrust-type 

earthquake, and high pulse-type earthquake. The targets in tension were established as 

fractions of the yielding displacement referred as 60Ůy, where 60 represents the height of the 

prisms in inches. Noticing the lack of influence of out-of-plane displacements on the onset of 

instability during Phase 1 and Phase 2, they were suppressed from Phase 3. Beyond the yielding 

stage and depending on the loading type, different tensile targets continued until failure due to 

bar buckling, bar fracture, or out-of-plane instability was captured.  

Prism 11 was subjected to inelastic cycles based on subduction megathrust earthquakes 

generated from a loading protocol created according to Bazaez and Dusicka (2016), that 

requires the calculation of equivalent yielding displacements, dy. For this purpose, Moment-

Curvature analyses of four prototype RCSW were conducted. Once the cyclic displacement 

responses of the walls were obtained from Equation (4-5), strains developed at each stage were 

used to establish the tensile axial displacements as a function of 60Ůy. Table 4-7 and Table 4-8 



70 

define the exponential coefficients (a, b, c, d) to obtain the cycle amplitudes and the proposed 

loading protocols using the prepeak approach, respectively (Bazaez and Dusicka 2016). 

  

 ( )( ) bN dN

yf N a e c e d= Ö + Ö   (4-5) 

 

where N, is the number of the inelastic cycle.   

 

   
Table 4-7. Exponential coefficients to obtain cycle amplitudes (Bazaez and Dusicka 2016)  

 

 

The effects of near-field records that contain long duration pulses were considered for 

Test 12. The 1994 Northridge earthquake (Sylmar station) was selected for this purpose and 

consequently the seismic axial displacement history was determined based on the structural 

response of a prototype RC wall subjected to in-plane horizontal accelerations.  

The constant compressive targets were selected based on Po and the corresponding P-

ȹ effects when the tests also contemplated permanent lateral displacements, determined as a 

function of drift percentages. P-ȹ effects were established through the linear interaction from 

Equation (4-3), where Pb = 165kips and Mb = 342kip.in are the axial force and bending moment 

at balanced stage, respectively.  

Further explanation regarding the characteristics of the loading protocols followed 

during Phase 3 is found in Chapter 5.   
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Table 4-8. Proposed loading protocols using the prepeak approach (Bazaez and Dusicka 2016) 

 

 

4.1.7 Data source   

Eleven specimens included 14 gages on each longitudinal bar along the 60 in. 

(1,524mm) height. Prism 3 only included 13 gages on each longitudinal reinforcement bar 

since the location of the cavities allowed a different distribution for the infrared LEDs. In 

addition, since the central region of the prisms was the main area under study and with the aim 

of determining the influence of the transverse reinforcement on the onset of instability, ten 

gages were contemplated for the stirrups along the central 20in. (508mm). Five gages were 

located on the north face and five on the south face of the prisms. The gage length was 4in. 

(101mm) for the longitudinal and transverse reinforcement. Strain profiles were determined 

for each longitudinal reinforcement line, which were six in total, three for the north face and 

three for the south face. In order to control the tensile strains demands in real time during the 

tests, the average of the central longitudinal reinforcement lines was the governing input. 
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Figure 4-13 shows the regions and reinforcement lines described above that can be considered 

as reference for next sections where the test results are presented. 

 

 

Figure 4-13. Prism Constituents 

 

4.2 Analytical Predictions  

Tensile strains calculated from Paulay and Priestley (1993) and Chai and Elayer (1999) 

models, already described in Chapter 2, were considered to determine the limit of stable cycles 

for the different experimental phases. Since the Parra and Moehle (2014) model neglects the 

effects of different longitudinal reinforcement ratios, its usage would result unsuitable 

considering the essence of the current experimental program. However, for comparison 

purposes the predictions are also included in Table 4-9. The values presented in the table for 

Phase 1 were established from a scaled prototype wall with total height hw = 420in (10.6m), 

length lw =  80in (2.0m), and effective height he = 280in (7.1m). The buckled length of the wall 

Lo was calculated from Equation (4-6), expression suggested by Priestley et al. (2007) to 

determine the plastic hinge length of structural walls.   
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 0.1p e w SPL k h l L= Ö + +  (4-6) 

 

where, k = 0.2(fu /fy -1) Ò 0.08 and LSP = 0.022 fy dbl (fy in MPa). The largest diameter of the 

longitudinal reinforcement placed in the compression region is defined by dbl. 

 

Table 4-9. Maximum Tensile Predicted Strains 

Experimental 

Phase 

Paulay and Priestley (1993) Chai and Elayer (1999) 
Parra and Moehle 

(2014) 

sm ye e sme  sm ye e sme  sm ye e sme  

1 8.6 0.0206 9.2 0.0219 25.9 0.062 

2 12.8 0.0304 11.9 0.0285 26.0 0.062 

3 19.7 0.0427 16.5 0.0359 28.6 0.062 

 

The results from Phase 1 suggested that the buckled length of the prisms was close to 

60% of their height, and consequently the predicted values for Phase 2 and Phase 3, presented 

in Table 4-9, were accordingly adjusted. Phase 1 also demonstrated that the maximum tensile 

strains captured before buckling instability was observed upon compressive loading were 

considerably lower than the values predicted from the Parra and Moehle (2014) model. 

Consequently, this model was omitted from the analyses developed in the following chapters.   
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CHAPTER 5: EXPERIMENTAL RESULTS 

This chapter presents a summary of the experimental results of twelve prisms 

representative of boundary elements of prototype typical walls that were built and tested in the 

Constructed Facility Laboratory at the North Carolina State University. The aim of the tests is 

to evaluate the effect of different longitudinal reinforcement ratios in combination with 

different load paths on the onset of out-of-plane instability of planar special RCSW. Further 

details from the experimental observations described in this section, can be found on the Alaska 

DOT website as part of the Research, Development and Technology Transfer division.   

5.1 Experimental Observations 

5.1.1 Test 1 

Test 1 was conducted at the Constructed Facilities Laboratory on Thursday, February 

18, 2016, as part of the experimental phase of this project. A monotonic lateral load and later 

one axial cycle load were applied to the specimen to capture its structural performance and to 

determine preliminary critical parameters associated with lateral instability of RC walls. Table 

5-1 includes the principal properties of Prism 1, where ɟl is the longitudinal reinforcement 

ratio, dbl is the diameter of the bar, and sh is the transverse reinforcement spacing.  

 

Table 5-1. Prism 1: Specifications   

Prism Dimensions 
Longitudinal 

Reinforcement Layout 
rl sh/dbl Ůy 

1 5òx12òx60ò 

(127mm x 305mm x 1,524mm) 

(6) #5 (15.9mm) 0.031 3.2 0.00239 

 

5.1.1.1 Test 1 Summary 

Prism 1 was first subjected to a 10in. (254mm) monotonic increasing out-of-plane 

displacements, equivalent to 16.7% drift. The purpose of this part of the test was to confirm 

that the boundary element could sustain this level of drift in the absence of axial load. Figure 

5-1 shows lateral displacements applied to Prism 1. During the 0.5in. (13mm) displacement, 



75 

cracks appeared on the bottom north (BN) and top south (TS) regions of the prism. 

Experimental first yielding was expected at 0.7in. (18mm). Upon loading to 0.75in. (19mm), 

more small cracks formed and extended to the moment connections. After stage 3, the cracks 

became wider and more numerous. Concrete flaking occurred at 2in. (51mm) on the top north 

(TN) region. By the time the 3in. (76mm) displacement was completed, concrete flaking was 

observed on the bottom south (BS) region. Crack widths close to 3/32in. (2.4mm) were 

measured on the BN region. When the specimen deformed 5in. (127mm), slight concrete 

crushing on both compression regions was captured. In addition, concrete spalling was 

observed on the BS region. For the next displacements, damage continued propagating and 

more cracks appeared on the joints. The tensile strains reached at 10in. (254mm) were close to 

5.6% obtained from the farthest gages located on BN and TS regions. The deformed shape 

during this stage is presented in Figure 5-2. Only minor loss on the lateral capacity of the prism 

was detected at the end of this stage. 

 

 

 

Figure 5-1. Prism 1: Out-of-Plane Lateral Displacement History 
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Figure 5-2. Prism 1: Deformed shape at 10in. (254mm) lateral displacement 

 

Once the lateral monotonic loading was concluded, the specimen was returned to a zero 

lateral displacement position, and subsequently was subjected to axial an axial 

tension/compression cycle. The tensile strain target was 3% and the compressive target 

displacement was 0.0in. (0.0mm). Upon compressive loading, and before reaching the 

compressive target, out-of-plane buckling instability was captured as shown in Figure 5-3. 

Concrete cover crushing and spalling were observed in the central part of the buckled region. 

The load captured at the time the prism started to buckle was 96kips (427kN), equivalent to 

27% of the compression design capacity of the prism, Po = 358 kips (1,592kN). 
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Figure 5-3. Prism 1: Buckling instability at the end of the axial cycle 

 

Figure 5-4 depicts axial strains plotted against axial loads captured where the out-of-

plane deformation reached a maximum value at the end of the test. Notice a stable response of 

the prism at low levels of axial tensile strains. An axial stiffness reduction is evident by the 

time the axial compressive load approaches the compressive yielding strength. The specimen 

was still extended at this stage. This point was associated with the out-of-plane buckling 

mechanism. Then, instability was captured since the prism was not able to recover its strength. 

The maximum applied load at this stage was -236 kips, equivalent to 66% of the axial design 

compressive force, Po. Figure 5-4 also shows the corrected predictions according to Paulay 

and Priestley (1993), ñP&Pò, and Chai and Elayer (1999), ñCh&Eò, models once the actual 

buckled length was determined. In addition, tensile and compressive yielding strengths, Asfy, 

are similarly plotted, where As is the area of the longitudinal reinforcement. 
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Figure 5-4. Prism 1: Axial Strain vs. Axial Force established 4in. (102mm) below midheight on  

a) south face and b) north face 

 

 

 

Figure 5-5. Prism 1: Out-of-plane deformation captured upon compressive loading at the end of the test 

 

(a) (b) 
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Figure 5-5 shows the of out-of-plane deformations captured at the end of the test. The 

stability criterion from Paulay and Priestley (1993) model calculated as out-of-plane 

deformation and denoted as stability limit, is included in Figure 5-10 to show that instability 

was expected beyond this limit. During this cycle, the maximum out-of-plane deformation was 

ŭm = 2.7in. (69mm) located 4in. (102mm) below midheight, which exceeded 50% of the prism 

thickness. 

 

5.1.1.2 Test 1 Conclusions 

Prism 1 was tested during 4 hours where different loading patterns were applied. The 

first part of the test showed that the prism reached the 10in. (254mm) displacement with minor 

loss of capacity. Initial signs of concrete crushing and concrete spalling were noticed at 5in. 

(127mm). Maximum strain values of 5.6% were computed on the bottom north and top south 

regions by the end of the final stage related to the lateral monotonic loading.  

In the second part of the test, axial tensile displacements equivalent to 3% strain were 

induced. Values close to the target were observed in the central region of the prism. However, 

the bottom north and top south showed higher values, demonstrating the influence of the 

previous loading pattern. The onset of buckling was captured by the time the prism was still 

elongated. An out-of-plane deformation greater than 50% of the prism thickness was 

determined for a compressive load equivalent to 66% of the compressive design capacity of 

the prism. Neither bar buckling nor bar fracture were detected during or after the test. The 

stirrups remained as originally constructed.   
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5.1.2 Test 2 

Test 2 was conducted at the Constructed Facilities Laboratory on Thursday, March 22, 

2016, as part of the load path project. An axial compression load followed by cyclic axial 

tensile displacements and compressive loads were applied to the specimen to capture its 

structural performance and to determine additional critical parameters associated with lateral 

instability of RC walls. Table 5-2 includes the principal properties of Prism 2, where ɟl is the 

longitudinal reinforcement ratio, dbl is the diameter of the bar, and sh is the transverse 

reinforcement spacing.  

 

Table 5-2. Prism 2: Specifications   

Prism Dimensions 
Longitudinal 

Reinforcement Layout 
rl sh/dbl Ůy 

2 5òx12òx60ò 

(127mm x 305mm x 1,524mm) 

(6) #5 (15.9mm) 0.031 3.2 0.00239 

 

5.1.2.1 Test 2 Summary 

Prism 2 first was subjected to an axial load equivalent to the design axial compression 

capacity of the prism, Po = -358 kips. The purpose of this part of the test was to confirm that 

the boundary element of the wall could sustain this level of compressive load in the absence 

of lateral displacements. Strain profiles captured at this stage showed that the average 

compressive strain in both faces of the prism was close to -0.15%, which is less than the 

yielding compressive strain -0.239%. 

Subsequently, the axial cyclic displacements/forces were applied starting with elastic 

single targets. The tensile values were chosen as fractions of the yielding strain as: 0.25Ůy, 

0.50Ůy, 0.75Ůy, and Ůy. After yielding, three identical cycles at different axial tensile 

displacement ductility levels continued until buckling was captured upon compressive loading. 

The unique compressive target was established from the first part of the experiment 

corresponding to Po, which was applied on each cycle during the whole test. Figure 5-6 shows 

the axial strain history applied to Prism 2. 
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First cracks developed at the footing-prism interface on the right face and along the 

height of the prism during 0.50Ůy. Upon loading to 2Ůy, more small cracks formed and extended 

to the joints. Crack widths close to 1/16in. were captured at 4Ůy. During the following cycle 

the cracks became wider and the number of new cracks decreased. In addition, it was observed 

that the spacing of the horizontal cracks were governed by the spacing of the transverse 

reinforcement since they fairly corresponded to each other. Signs of concrete flaking on the 

footing-prism interface appeared in the first cycle corresponding to 6Ůy. At the end of the third 

cycle, concrete cover fell down on the back face of the prism and the transverse reinforcement 

was exposed within a length of 34in. In the cycles associated with an 8Ůy tensile demand, cracks 

became wider and the concrete cover continued falling apart in the same region described 

before. At the end of the third cycle, the transverse reinforcement was uncovered within a 

height of 54in. All through these cycles, the specimen remained visibly straight. 

 

 

Figure 5-6. Axial Strain History applied to Prism 2 
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As tensile demands increased during the cycles related to 10Ůy, the out-of-plane 

buckling mechanism was visually captured upon compressive loading. In this scenario, where 

the out-of-plane deformation is relatively small, the compression force developed to resist the 

overturning moment, can be fully reached as cracks close and consequently, the prism returns 

to a fairly straight and stable position. This phenomenon was similarly observed during the 

first two cycles corresponding to a tensile demand of 12Ůy. Figure 5-7 shows the evolution of 

out-of-plane deformations when a stable buckling mechanism occurred upon compressive 

loads during the second cycle associated with 12Ůy. In the third cycle upon compressive 

loading, a different scenario developed since instability occurred as illustrated in Figure 5-8. 

A well confined concrete core was noticed at this stage.  

 

   

Figure 5-7. Prism 2: Stable out-of-plane buckling mechanism during 12Ůy(2), second cycle: a) Onset of buckling ï 

cracks opened, b) Stable buckling ï cracks partially closed, c) End of buckling - cracks closed. 

(a) (b) (c) 
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Figure 5-8. Prism 2: Instable out-of-plane buckling mechanism during  12Ůy(3), third cycle 

 

Figure 5-9 depicts axial strains plotted against axial loads captured where the out-of-

plane deformation reached a maximum value at the end of the test. Notice a stable response of 

the prism at low levels of axial tensile strains. In the last six cycles, an axial stiffness reduction 

is evident by the time the axial compressive load approaches the compressive yielding strength. 

At these stages, the specimen was still extended. These points were associated with the out-of-

plane buckling mechanism. In the last cycle, instability occurred since the prism was not able 

to recover its strength. The maximum applied load at this stage was -232 kips, equivalent to 

65% of the axial design compressive force, Po.  

Figure 5-9 also shows the corrected predictions according to Paulay and Priestley 

(1993) ñP&Pò and Chai and Elayer (1999) ñCh&Eò models once the actual buckled length was 

determined. In addition, tensile and compressive yielding strengths, Asfy, are similarly plotted, 

where As is the area of the longitudinal reinforcement.  
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Figure 5-9. Prism 2: Axial Strain vs. Axial Force established at midheight on a) south face and b) north face 

 

 

 

Figure 5-10. Prism 2: Evolution of out-of-plane deformations captured upon compressive loading at different stages   

 

Out-of-plane deformations increased upon compressive loading during the first cycle 

associated with 8Ůy. Figure 5-10 shows the evolution of out-of-plane deformations at different 

stages. Throughout the first cycle of 12Ůy, the specimen suffered from a permanent out-of-plane 

deformation. A sudden increment on this deformation took place when the load slightly 

(a) (b) 
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exceeded the yielding compressive strength. The stability criterion from Paulay and Priestley 

(1993) model calculated as out-of-plane deformation and denoted as stability limit, is included 

in Figure 5-10 to show that instability was expected beyond this limit. During the final cycle, 

the maximum out-of-plane deformation was ŭm = 3.1in. (79mm) located at midheight, which 

exceeded 50% of the prism thickness. 

Notice that the out-of-plane top displacement is close to 0.35in. (9mm) instead of 0in., 

which is attributed to the complexity of the technic implemented to control the three actuators 

at once. However, the axial response of the prism is indifferent to this minor input. 

 

5.1.2.2 Test 2 Conclusions 

The first part of the test indicates the prism reached the maximum axial design 

compressive load with zero loss of capacity. The average compressive strain in both faces was 

close to -0.0015, less than the yielding strain. In the second part of the test, progressive cyclic 

axial loads/strains were applied to the specimen reaching maximum values close to the axial 

design compressive force, Po = -358 kips and 12Ůy, in compression and tension, respectively. 

The specimen presented a stable response at low levels of axial tensile demands. Out-of-plane 

deformations were not noticed during the cycles before 8Ůy. Beyond the first cycle of 8Ůy, a 

gradual increase in the out-of-plane deformations were captured until instability developed 

during the last cycle of 12Ůy. The large buckling displacement led to concrete crushing and 

spalling in the central region. The axial force at this stage was 65% of the target compressive 

load. Neither bar buckling nor bar fracture were detected during or after the test. The stirrups 

remained as originally constructed. 
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5.1.3 Test 3 

Test 3 was conducted at the Constructed Facilities Laboratory on Thursday, March 27, 

2016, as part of the load path project. A monotonic and constant lateral displacement 

equivalent to 1% drift was applied first to the specimen followed by cyclic axial compressive 

loads and tensile displacements. Table 5-3 includes the principal properties of Prism 3, where 

ɟl is the longitudinal reinforcement ratio, dbl is the diameter of the bar, and sh is the transverse 

reinforcement spacing.  

 

Table 5-3. Prism 3: Specifications   

Prism Dimensions 
Longitudinal 

Reinforcement Layout 
rl sh/dbl Ůy 

3 5òx12òx60ò 

(127mm x 305mm x 1,524mm) 

(6) #5 (15.9mm) 0.031 3.2 0.00239 

 

5.1.3.1 Test 3 Summary 

A 0.6in. out-of-plane top displacement, equivalent to 1% drift, was first induced to 

Prism 3. The purpose was to keep this displacement constant during the entire test. First cracks 

appeared on the bottom and top regions of the prism at the end of this stage. The strains were 

close to 0.15%, less than the yielding strain. Subsequently, the axial displacement history 

started with elastic single cycles. The targets in tension were chosen as fractions of the yielding 

displacement referred as: 0.25Ůy, 0.50Ůy, and 0.75Ůy. Including the axial yielding point, Ůy, three 

identical cycles at different axial tensile displacement ductility levels continued until buckling 

was captured upon compressive loading. The unique compressive target load, P1% = -319 kips, 

was established considering P-ȹ effects, representing 89% of the maximum axial design 

compressive load, Po = -358 kips. Figure 5-11 shows the axial strain history applied to Prism 3. 

  During the application of the first compressive load, a small vertical crack appeared 

in the concrete cover of the east face of the prism. Horizontal cracks became more numerous 

upon yielding tensile demands while small cracks formed and extended to the joints. During 

the application of compressive loads, the cracks tended to close as expected. Crack widths 

close to 1/32 in. were captured at 2Ůy. During the following cycles the cracks became wider 

and the number of new cracks decreased. It was noticed that the spacing of the horizontal 
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cracks were governed by the spacing of the transverse reinforcement. Signs of concrete 

spalling on the east face of the prism were observed in the first cycle at 4Ůy. Crack widths close 

to 0.05 in. and 0.075 in. were captured at 6Ůy and 8Ůy, respectively. Cracks became wider than 

0.10 in. for the 10Ůy and 12Ůy cycles. During tensile demands at 14Ůy, concrete cover fell down 

on the east face of the prism and transverse reinforcement was exposed in different regions.  

 

 

Figure 5-11. Axial Strain History applied to Prism 3 

 

Throughout the first cycle related to 8Ůy, a stable out-of-plane buckling mechanism was 

observed upon compressive loading. This scenario, where the out-of-plane deformations were 

relatively small, was captured during the three cycles corresponding to 8Ůy, 10Ůy, and 12Ůy. 

After experimenting these out-of-plane deformations, the prism returned to a fairly straight 

position when the cracks closed and consequently it was able to resist the intrinsic forces 
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associated with compressive forces developed to sustain overturning moments. Figure 5-12 

shows the evolution of out-of-plane deformations when a stable buckling mechanism occurred 

upon compressive loads during the third cycle associated with 12Ůy. During the first cycle 

related to 14Ůy and upon compressive loading, a different scenario was captured where 

instability occurred as illustrated in Figure 5-13.  

Figure 5-14 depicts axial strains plotted against axial loads captured where the out-of-

plane deformation reached a maximum value at the end of the test. Notice a stable response of 

the prism at low levels of axial tensile strains. In the last ten cycles an axial stiffness reduction 

is evident by the time the axial compressive load approaches the compressive yielding strength. 

At this stage, the specimen was still extended. These points were associated with the out-of-

plane buckling mechanism. In the last cycle, instability was captured since the prism was not 

able to recover its strength. The maximum applied load at this stage was -210 kips, equivalent 

to 66% of the axial target load, P1% = -319 kips.  

 

   

Figure 5-12. Prism 3: Stable out-of-plane buckling mechanism during 12Ůy(3), third cycle: a) Onset of buckling ï 

cracks opened, b) Stable buckling ï cracks partially closed, c) End of buckling - cracks closed. 

(a) (b) (c) 
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Figure 5-13. Prism 3: Instable out-of-plane buckling mechanism during 14Ůy(1), first cycle 

 

 

Figure 5-14. Prism 3: Axial Strain vs. Axial Force established 2in. (51mm) above midheight  

a) south face and b) north face 

 

Figure 5-14 also shows the corrected predictions according to Paulay and Priestley 

(1993), ñP&Pò, and Chai and Elayer (1999), ñCh&Eò, models once the actual buckled length 

(a) (b) 
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was determined. In addition, tensile and compressive yielding strengths, Asfy, are similarly 

plotted, where As is the area of the longitudinal reinforcement.  

 

 

 
Figure 5-15. Prism 3: Evolution of out-of-plane deformations captured upon compressive loading at different stages 

 

Out-of-plane deformations increased upon compressive loading during the first cycle 

associated with 8Ůy. Figure 5-15 shows the evolution of out-of-plane deformations at different 

stages. During the third cycle of 12Ůy, the specimen suffered from a permanent out-of-plane 

deformation. A sudden increment on this deformation took place when the load slightly 

exceeded the yielding compressive strength. The stability criterion from Paulay and Priestley 

(1993) model calculated as out-of-plane deformation and denoted as stability limit, is included 

in Figure 5-15 to show that instability was expected beyond this limit. During the final cycle, 

the maximum out-of-plane deformation was ŭm = 4.6in. (177mm), located 2in. (51mm) above 

midheight, which exceeded 50% of the prism thickness. 
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5.1.3.2 Test 3 Conclusions 

Prism 3 was tested during five hours where combined load patterns were applied. A 

lateral out-of-plane displacement equivalent to 1% drift was sustained during the entire test to 

analyze its influence on the stability of RC walls. The maximum tensile strain in bottom and 

top tensile regions of the prism during this first stage, where axial loads were not induced, was 

close to 0.0015. Subsequently, progressive cyclic axial loads/strains were applied to the 

specimen reaching maximum values fairly close to the targets P1% = -319 kips and 14Ůy, in 

compression and tension, respectively. The specimen presented a stable response at low levels 

of axial tensile demands. Out-of-plane deformations were not noticed during the cycles before 

8Ůy. Beyond the first cycle of 8Ůy, a gradual increment in the out-of-plane deformations were 

captured until instability developed during the first cycle of 14Ůy. The large buckling 

displacement led to concrete crushing and spalling in the central region. The axial force at this 

stage was 66% of the target compressive force. Neither bar buckling nor bar fracture were 

detected during or after the test. The stirrups remained as originally constructed.   
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5.1.4 Test 4 

Test 4 was conducted at the Constructed Facilities Laboratory on Thursday, April 12, 

2016, as part of the load path project. A monotonic and constant lateral displacement 

equivalent to 4% drift was applied first to the specimen followed by cyclic axial compressive 

loads and tensile displacements to capture its structural performance and to determine 

additional critical parameters associated with lateral instability of RC walls. Table 5-4 includes 

the principal properties of Prism 4, where ɟl is the longitudinal reinforcement ratio, dbl is the 

diameter of the bar, and sh is the transverse reinforcement spacing.  

 

Table 5-4. Prism 4: Specifications   

Prism Dimensions 
Longitudinal 

Reinforcement Layout 
rl sh/dbl Ůy 

4 5òx12òx60ò 

(127mm x 305mm x 1,524mm) 

(6) #5 (15.9mm) 0.031 3.2 0.00239 

 

5.1.4.1 Test 4 Summary 

An out-of-plane displacement of 2.4 in., equivalent to 4% drift, was induced to Prism 4. 

The purpose was to keep this displacement constant during the entire test. First cracks appeared 

on the bottom north and top south regions of the prism at the end of this stage. Concrete spalling 

was also observed in the same regions where the strains were close to 0.4%, greater than the 

yielding strain. Subsequently, the axial displacement history started with elastic single cycles. 

The targets in tension were chosen as fractions of the yielding displacement referred as: 0.25Ůy, 

0.50Ůy, and 0.75Ůy and 1.0Ůy. Subsequently, three identical cycles at different axial tensile 

displacement ductility levels continued until buckling was captured upon compressive loading. 

The unique compressive target load, P4% = -241 kips, was established considering P-ȹ effects, 

representing 67% of the axial design compressive load, Po = -358 kips. Figure 5-16 shows the 

axial strain history applied to Prism 4. 

 



93 

 

Figure 5-16. Axial Strain History applied to Prism 4 

 

Through the first compressive load, vertical cracks appeared in the concrete cover on 

top north (TN) and bottom south (BS) regions accompanied by concrete spalling. Upon 

yielding tensile demands, horizontal cracks became more numerous and small cracks formed 

and extended to the joints. During the application of compressive loads, the cracks tended to 

close only in the central region of the prism. Once again, it was noticed that the spacing of the 

transverse reinforcement induced the spacing of the horizontal cracks. Crack widths between 

1/32 in. and 3/64 in. were captured close to the joints at 1Ůy. Concrete spalling became more 

severe at TN and BS regions where the damage was concentrated. In the following cycles the 

number of new cracks decreased. Through tensile demands at 6Ůy, concrete flacking and 

concrete spalling propagated approximately 8 in. at TN and BS regions, which became more 

severe during the next cycles. Upon the 8Ůy first cycle, crack widths close to 0.10 in. were 

measured in the central region. Concrete cover continued to fall down on the TN and BS 
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regions and consequently transverse reinforcement was exposed on the corners. The cracks 

became visibly wider than previous cycles and close to 1/8 in. beyond the 10Ůy cycles. 

During the three cycles related to 10Ůy, out-of-plane buckling was visually captured 

upon compressive loading. After experiencing these small out-of-plane deformations, the 

prism returned to a straight position when the cracks closed in the central region, and 

consequently the prism was able to resist the intrinsic forces associated with compressive 

forces developed to sustain overturning moments. Figure 5-17 shows the evolution of out-of-

plane deformations when a stable buckling mechanism occurred upon compressive loads 

during the third cycle associated with 10Ůy. In the first cycle associated with 12Ůy upon 

compressive loading, a different scenario was captured. Even though the prism was able to 

carry the same level of compressive loads achieved in previous cycles, it preserved a deformed 

but stable shape as shown in Figure 5-18. It was during the second cycle where instability 

occurred as illustrated in Figure 5-19.  

 

   

Figure 5-17. Prism 4: Stable out-of-plane buckling mechanism during 10Ůy(3), third cycle: a) Onset of buckling ï 

cracks opened, b) Stable buckling ï cracks partially closed, c) End of buckling - cracks closed. 

(a) (b) (c) 
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Figure 5-18. Prism 4: Deformed shape at the end of 12Ůy(1), first cycle 

 

Figure 5-20 depicts axial strains plotted against axial loads captured where the out-of-

plane deformation reached a maximum value at the end of the test. Notice a stable response of 

the prism at low levels of axial tensile strains. In the last five cycles, an axial stiffness reduction 

is evident by the time the axial compressive load approaches the compressive yielding strength. 

At this stage, the specimen was still extended. These points were associated with the out-of-

plane buckling mechanism. In the last cycle, instability occurred since the prism was not able 

to recover its strength. The maximum applied load at this stage was -208 kips, equivalent to 

86% of the axial target load, P4% = -241 kips. Figure 5-20 also shows the corrected predictions 

according to Paulay and Priestley (1993), ñP&Pò, and Chai and Elayer (1999), ñCh&Eò, 

models once the actual buckled length was determined. In addition, tensile and compressive 

yielding strengths, Asfy, are similarly plotted, where As is the area of the longitudinal 

reinforcement.  
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Figure 5-19. Prism 4: Instable out-of-plane buckling mechanism during 12Ůy(2), second cycle 

 

 

Figure 5-20. Prims 4: Axial Strain vs. Axial Force established 2in. (51mm) below midheight  

a) south face and b) north face 

 

Out-of-plane deformations increased upon compressive loading during the first cycle 

associated with 10Ůy. Figure 5-21 shows the evolution of out-of-plane deformations at different 

(a) (b) 
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stages. During the first cycle of 12Ůy, the specimen suffered from a permanent out-of-plane 

deformation. A sudden increment on this deformation took place when the load slightly 

exceeded the yielding compressive strength. The stability criterion from Paulay and Priestley 

(1993) model calculated as out-of-plane deformation and denoted as stability limit, is included 

in Figure 5-21  to show that instability was expected beyond this limit. During the final cycle, 

the maximum out-of-plane deformation was ŭm = 4.0in. (102mm), located 2in. (51mm) below 

midheight, which exceeded 50% of the prism thickness. 

 

 

Figure 5-21. Prism 4: Evolution of out-of-plane deformations captured upon compressive loading at different stages 

 

5.1.4.2 Test 4 Conclusions 

Prism 4 was tested during five hours where combined load patterns were applied. A 

lateral out-of-plane displacement equivalent to 4% drift was sustained during the entire test. 

Tensile strains close to 0.4% were measured close to the interface between the prism and the 

joints before initiating the axial cycles. Subsequently, progressive cyclic axial loads/strains 

were applied to the specimen reaching maximum values fairly close to the targets P4% = -241 

kips and 12Ůy, in compression and tension, respectively. The specimen presented a stable 
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response at low levels of axial tensile demands. Out-of-plane deformations were not noticed 

during the cycles before 10Ůy. Beyond the first cycle of 10Ůy, a gradual increment in the out-of-

plane deformations were captured until instability developed during the second cycle of 12Ůy. 

The large buckling displacement led to cover concrete crushing and spalling specially in the 

central region. The axial force at this stage was 86% of the target compressive load. Neither 

bar buckling nor bar fracture were detected during or after the test. The stirrups remained as 

originally constructed and a well confined concrete core was notice at the end of the test.   
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5.1.5 Test 5 

Test 5 was conducted at the Constructed Facilities Laboratory on Thursday, June 7, 

2016, as part of the load path project. A combination of cyclic lateral displacements and cyclic 

axial compressive loads and tensile displacements were applied to the specimen to capture its 

structural performance and to determine additional critical parameters associated with lateral 

instability of RC walls. Table 5-5 includes the principal properties of Prism 5, where ɟl is the 

longitudinal reinforcement ratio, dbl is the diameter of the bar, and sh is the transverse 

reinforcement spacing. 

  

Table 5-5. Prism 5: Specifications   

Prism Dimensions 
Longitudinal 

Reinforcement Layout 
rl sh/dbl Ůy 

5 5òx12òx60ò 

(127mm x 305mm x 1,524mm) 

(6) #5 (15.9mm) 0.031 3.2 0.00239 

 

5.1.5.1 Test 5 Summary 

Prism 5 was subjected to cyclic out-of-plane displacements combined with cyclic axial 

tensile displacements and compressive loads. The axial displacement history started with 

single elastic cycles analytically predicted. Subsequently, three identical cycles at different 

drift levels continued until instability developed due to the axial protocol. The targets regarding 

the out-of-plane displacements were established as ratios of a maximum 4% drift and are 

shown in Figure 5-22.  

Regarding the axial demands, the peak values in tension were chosen as fractions of 

the yielding strain referred as: 0.25Ůy, 0.50Ůy, and 0.75Ůy and 1.0Ůy. Subsequently, three 

identical cycles at different axial tensile displacement ductility levels continued until buckling 

was captured upon compressive loading. The compressive target loads, P%, were established 

considering P-ȹ effects, representing different percentages of the maximum axial design 

compressive load, Po = -358 kips. The compressive loads varied from 341 kips to 241 kips, 

corresponding to the small and the largest out-of-plane displacements applied to the top of the 

specimen, respectively.  Figure 5-23 shows the axial strain history applied to Prism 5.  
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Figure 5-22. Lateral Displacement History applied to Prism 5 

 

 

Figure 5-23. Axial Strain History applied to Prism 5 




























































































































































































































































































