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Abstract 19 

Recent experimental and numerical research has confirmed that reinforced concrete (RC) walls with 20 

distributed minimum vertical reinforcement  in accordance with existing design standard p rovisions 21 

are unlikely to form a large number of  dis tributed cracks and are only suitable for walls designed 22 

for low ductility demands. As a result, the minimum vertica l reinforcement limits for duct ile walls 23 

in the  New Z ealand Concrete Structures Sta ndard (NZS 3101:2006) were  recently  amended to 24 

require addit ional vert ical reinforcement to ensure well distributed secondary  cracking. A series of 25 

four large-scale RC walls were tested to invest igate the seismic performance  of RC walls  with 26 
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additional reinforcement at the end regions of the  wa ll.  The  tes t walls were designed to represent 1 

flexural dominant  RC walls in multi-storey buildings with reinforcement rat io, bar diameter and 2 

number  of reinforcement  bars in the end zone of the wall varied. T he exper imental results 3 

confirmed that the inc reased vertical reinforcement in the ends of the test walls  resulted in a 4 

significant increase in the number and distribut ion of cracks in the plastic hinge region when 5 

compared to previous ly tested walls with minimum distributed reinforcement. The increased 6 

secondary cracks greatly  inc reased the spread of plasticity  and helped to delay reinforcement 7 

buckling. Furthermore, the addit iona l ve rtical reinforcement limits p roposed for the end region of 8 

ductile walls were found to be appropriate at the threshold at which well dis tributed secondary 9 

cracks form.  It is recommended that  similar vertica l reinforcement  limits be adopted in ACI 318 10 

and other concrete des ign standards. 11 

Key words: reinforced concrete; wall; seismic design; minimum vert ical reinforcement; pla stic 12 

hinge region; reinforcement buckling; reinforcement frac ture; concrete design standards. 13 

INTRODUCTION  14 

To achieve high ductility capacity  during earthquakes, reinforced concrete (RC) walls should be 15 

designed to form well distributed flexural cracks in the plas tic hinge  region so that the ve rtical 16 

reinforcement  yields over a signif icant length. In contract to this , s everal lightly reinforced concrete 17 

(RC) walls in multi-storey buildings were overserved to have formed only a limited number of 18 

cracks in the p last ic hinge region during the 2010/2011 Canterbury  earthquakes in New Zealand1, 2. 19 

In res ponse to these observations, re searchers questioned whe ther the current  minimum vertical 20 

reinforcements for RC walls were sufficient  to generate a large number of cracks a t plastic hinge 21 

region3. Lu e t al.4 conducted a series of tests on s ix RC walls designed in accordance with the 22 

current minimum vert ical reinforcement requirements in New Z ealand Concrete Structures Standard 23 

(NZS 3101:2006) (A mendment 2). The test  results showed that RC walls designed with minimum 24 

distributed vertical re inforcement are unlike ly to form a large number o f secondary  cracks in the 25 

plastic hinge region, with the behaviour of the test walls  controlled by 1-3 large primary flexura l 26 
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cracks at  the wall base. Pr imary cracks occur as a result of the flexural cracking strength of the wall 1 

being exceeded, whereas secondary cracks occur based on the local tensile stresses induced by the 2 

reinforcement  into the surrounding concrete. In addit ion to frac ture of vert ical reinforcement a t 3 

wide cracks, the concentrated cracking behaviour can cause additional problems such as wall 4 

sliding, early reinforcement buckling, and la rge axial elongations4, 5.  5 

Lu and Henry6, 7 developed a detailed f inite element  model for lightly  reinforced concrete walls and 6 

conducted a series of numerical analy ses to evaluate and compare the cracking and lateral load 7 

behaviour of RC walls  with minimum vertical reinforcement in accordance with different  concrete 8 

design standards, including ACI 318, CSA-A23.3, Eurocode 8, GB50010 and NZS 31018-12. The 9 

numerical analysis results confirmed that  the RC walls  with a fixed distributed minimum 10 

reinforcement  rat io of 0.25% or less (as per ACI 318-14)  could not generate a large number of 11 

distributed cracks in the wall pla stic hinge, resulting in pre mature reinforcement fracture and low 12 

drift capacities. It  was also found that requiring additional reinforcement at  ends of the wall, as is 13 

the case for several design standards, could improve the cracking behaviour and duct ility. 14 

Based on these findings and the observat ion in the 2010/2011 Canterbury  earthquakes, new 15 

amendments have been proposed to the  minimum vertical reinforcement limits in NZS 3101:2006 16 

(Amendment 3)9 for ductile walls. The proposed amendments require additional vertical 17 

reinforcement  to be placed in the ends of the wall to ensure that well distributed secondary c racking 18 

in duct ile walls. The p roposed requirements als o account for concrete  and reinforcement  strengths 19 

and limit the ratio between end zone reinforcement and web reinforcement.  20 

To experimentally examine the seismic response of walls with additional vert ical reinforcement  21 

placed in t he ends of the wall, a second series of tests were conducted on four RC walls. The four 22 

test walls were designed to investigate the vertical reinforcement ratio at the ends of the wall, 23 

reinforcing bar diameter, and number of reinforcing bars in walls with identical axia l loads  and 24 

material propert ies. T he experimental results including crack pattern, failu re mode and overall 25 

hyste ric response are presented and data from a detailed array of instrumentation are  dis cussed in 26 



4 

terms  of crack distribution, deformation components, curvature  dis tribution, plastic hinge length, 1 

vertical re inforcement strain and reinforcement buckling. 2 

RESEARCH SIGNIFICANCE  3 

Recent research indicated that the dis tributed minimum vertica l reinforcement  requirements in 4 

current concrete design s tandards (including ACI 318-14)  are ins ufficient to ens ure that well 5 

distributed cracking occurs in the pla stic  hinge region of ductile RC walls. An experimenta l 6 

investigation was conducted to investigate the seismic response of walls with additional vertical 7 

reinforcement  at the ends of the wall. The test results confirmed the amount  of vertica l 8 

reinforcement  required at the ends of the  wa ll to achieve duct ile behaviour and can be used to 9 

justify  amendments to minimum vertica l reinforcement  requirements for ductile RC walls that re sist 10 

seismic act ions in concrete design s tandards.   11 

PROPOSED MINIMUM REINFORCEMENT 12 

Amendments  propos ed to NZS 3101:2006 (Amendment 3) resulted in an increase in the minimum 13 

required vertical reinforce ment in limited ductile and ductile plastic regions of RC  wa lls. The 14 

results of numerical analysis7 showed that the new NZS 3101 provisions were mos t suitable for 15 

ductile RC walls when compared to the requirements in other concrete des ign standards. The 16 

proposed require ment was sufficient to ens ure that well distributed cracks formed in the wall pla stic 17 

hinge, resulting in large deformation capacity prior to re inforcement fracture.  18 

The proposed minimum vert ical reinforcement requirements are illustrated in F ig 1. In addition to 19 

minimum distributed vertical reinforcement  (ρl), additional vertical reinforcement is require d in the 20 

end zone of the wall (ρle) which extends for a length of 0.15lw from extreme tension fibre of the 21 

wall. In the central region of the wall, the required minimum dis tributed ve rtical reinforcement ratio 22 

in NZS 3101:2006 (Amendment 3) can be expressed as Eq. 1, which is identical to the equat ion 23 

previously used for the minimum total vertical re inforcement ra tio in NZS 3101:2006 (Amendment 24 

2).  25 
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�𝑓𝑓𝑐𝑐

′

4𝑓𝑓𝑦𝑦
 (MPa)   or  ≥
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′
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 (psi)               (1) 1 

In the two end zones, the  required reinforcement rat io has  been doubled, a s shown by  Eq. 2.  2 

   𝜌𝜌𝑙𝑙𝑙𝑙 ≥
�𝑓𝑓𝑐𝑐

′

2𝑓𝑓𝑦𝑦
 (MPa)   or  ≥

6�𝑓𝑓𝑐𝑐
′

𝑓𝑓𝑦𝑦
 (psi)                 (2) 3 

Eq. 2 was  developed to ensure that well distributed secondary  cracks formed at the tension edge of 4 

the wall, and was derived by  ass uming that the  yield strength of end zone reinforcement  is greater 5 

than the tensile capacity  of the corresponding concrete  section, as shown by Eq. 3, where Act is the 6 

area of concrete in the end zone, fct is the mean axial tensile s trength, As is the area of end zone 7 

vertical re inforcement and fy the yield s trength of the vert ical reinforcement.  8 

 𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 ≥ 𝐴𝐴𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐                (3) 9 

Assuming that  the area of concrete approximately equals the gross area of the sect ion, the required 10 

end zone reinforcement ratio was  calculated by Eq. 4, where the mean axial tensile strength fct was 11 

estimated as 0.52�fc′ (MPa, or 6�fc′ in kpi).  12 

 𝜌𝜌𝑙𝑙𝑙𝑙 ≥
𝐴𝐴𝑠𝑠
𝐴𝐴𝑐𝑐𝑐𝑐

= 𝑓𝑓𝑐𝑐𝑐𝑐
𝑓𝑓𝑦𝑦

=
0.52�𝑓𝑓𝑐𝑐

′

𝑓𝑓𝑦𝑦
 (MPa)   or  ≥

6�𝑓𝑓𝑐𝑐
′

𝑓𝑓𝑦𝑦
 (psi)                (4) 13 

The minimum end zone reinforcement requirement in Eq. 4 is a function of the  28-day specified 14 

concrete strength and specified reinforcing s tee l yield strength. However, in reality the mean 15 

strengt h is  higher than the lower cha racteristic specific strength and could be further increased by 16 

long-term s trength effect and dynamic strength enhancement13, 14. Therefore, the committee also 17 

considered the effects  of dynamic loading, drying shrinkage of concrete and average long-term 18 

material st rengths. Details of the  fac tors considering the pa rameters are shown in Eq. 5 and 19 

included:   20 

• 1.2 multiplier on fct for the increase in concrete tensile strength due  to dynamic loading 21 

rates;  22 

• 0.85 mult iplier on fct to allow for tens ile strength reduction due to drying shrinkage; 23 
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• 1.2 multiplier on fc’ to rep resent the mean ta rget compressive strength rela tive to the 1 

specified strength (5th percentile); 2 

• 1.1 multiplier on fc’ for the increase in concrete compressive strength due to age; 3 

• 1.1 multiplier on fy for the increase in steel y ield strength due to dynamic loading rates ; 4 

• 1.08 mult iplier  on fy to rep resent the mean strength of re inforcement relative to the lower-5 

characteristic strength (5th percentile). 6 

 𝜌𝜌𝑙𝑙𝑙𝑙 ≥

⎩
⎪
⎨

⎪
⎧1.2×0.85×0.52�1.2×1.1𝑓𝑓𝑐𝑐

′

1.1×1.08𝑓𝑓𝑦𝑦
=

�𝑓𝑓𝑐𝑐
′

2𝑓𝑓𝑦𝑦
   (MPa)

1.2×0.85×6×�1.2×1.1𝑓𝑓𝑐𝑐
′

1.1×1.08𝑓𝑓𝑦𝑦
 =

6�𝑓𝑓𝑐𝑐
′

𝑓𝑓𝑦𝑦
   (psi)

                (5) 7 

To ensure that a reasonable degree of distribution of reinforcement  occurs, there is also a 8 

requirement that the reinforcement ratio in the central web region shall not  be less than 30% of that 9 

in the  end zone of the wall. This requirement is to allow the secondary  cracks to p ropagate 10 

suffic iently from the end zone to the central region of the wall. If the content of vertical 11 

reinforcement  in the end zone  (0.15lw) is significant ly greater than the content of distributed vertical 12 

reinforcement  in the central region, the wall can be vulnerable to widely spaced cracks  in the central 13 

region, causing premature of web reinforcement frac ture and large shea r deformations2, 7, 15. 14 

EXPERIMENTAL INVESTIGATION 15 

The experimental program comprised of four large-sca le recta ngular RC walls that  were subjected 16 

to pseudo-static cyclic loading. The wall specimens were comparable to the six walls  with 17 

distributed reinforcement  that  were p reviously tested by Lu et  al.4, with the key pa rameter 18 

investigated being the concentra ted reinforcement a t the ends of the wall. The tes t se tup, loading 19 

protocol, instrumentation and material properties of the four current te sts  were all consistent with 20 

the previous tests4.  21 

Test walls 22 

A summary of the main parameters for the four test  walls is shown in Table 1 and drawings  of the 23 
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wall specimens are shown in Fig 2. All the test walls had a length of 1.4 m (55.1 in), a height of 1 

2.8 m (110.2 in) and a thicknes s of 150 mm (5.9 in), which were identical with the six wa lls 2 

previously tested by Lu et al.4. The shea r span ratio was 4 and the axial load ratio was 3.5% for all 3 

test walls, which were cons istent with wall C6 from the p revious tests. The axial load ratio app lied 4 

to the test  walls represents the most  common axial ratio for this  type of RC wall in New Zea land, 5 

and corresponded to an actual axial load of 294 kN (66.1 kip s)4 during the top  of the wall during 6 

testing. The test walls were designed to rep resent a 40-50% scale version of mult i-storey flexure-7 

dominant RC  wa lls (approximate ly  16-25 m, 4-8 stories) with ductile  de tailing requirements in 8 

accordance with NZS 3101:2006 (Amendment 3)9.  9 

The vertical reinforcement was designed us ing G300E reinforcement (300 MPa specified y ield 10 

strengt h) and a specified concrete strengt h (fc’) was 30 MPa (4351 psi), resulting in a minimum 11 

required vertical reinforcement ratio in the ends of the wall and central web region of the wall of 12 

0.91% and 0.46% using Eq. 1 and Eq. 2, respect ive ly, where the wall end zone  length was  0.15lw or 13 

210 mm (8.3 in). T he distributed re inforcement ra tio for a ll the four walls  was 0.47%, resulting two 14 

layers of five D10 (de formed G300E, diameter = 10 mm or 0.39 in) ba rs  p laced at 225 mm (8.9 in) 15 

centers over the central wall web region. The end zone vertical reinforcement rat io of the four tes t 16 

walls was varied from 0.72% to 1.44%. Wall M1 was designed to closely  sat isfy the proposed 17 

minimum vertical reinforcement  requirements (Eq. 4), which had an end zone rein forcement ratio 18 

of 1.0%, resulting in four D10 bars p laced at the ends of the wall. Wall M2 used four D12 19 

(deformed G300E, diameter = 12 mm or 0.47 in) ba rs  at the ends of the wa ll, resulting in an end 20 

zone vertical reinforcement ratio of 1.44%, which was higher than the proposed requirements. Wall 21 

M3 did not satisfy the proposed minimum vert ical reinforcement requirements at  the ends  of the 22 

wall with just  two D12 bars at each end of the wall, and was designed to investigate either a reduced 23 

end zone reinforcement ratio (0.72%) or a s maller end zone length (150 mm or 5.9 in), as shown in 24 

Fig 2. Wall M4 had a similar end zone vertical reinforcement  ratio as wall M1, but used two D16 25 

(deformed G300E, diameter =  16 mm or 0.63 in) reinforcing bars instead of four D10 bars to 26 
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investigate using larger diameter ba rs  right at the ends of the wall. F or the comparison wall C6 1 

designed as per NZS 3101:2006 (Amendment 2), two layers of seven D10 bars  were  evenly 2 

distributed at 225 mm (8.9 in) centers  over the wall length with no addit iona l vertical reinforcement 3 

placed in the ends of the wall, result ing in a  total minimum vertical reinforcement  ratio of 0.53%. 4 

It should be noted tha t if same materials are used, the distributed minimum vertical reinforcement 5 

rat io of 0.47% require d by NZS 3101:2006 (Amendment 3) was larger than the 0.25% fixed limit  6 

required by ACI 318-1411 and CSA A23.3-1410 and 0.2% required by  Eurocode 816. In addit ion, the 7 

end zone reinforcement ratio of 1.0% was similar to the limit in CSA A23.3-1410 and GB 50010-8 

201012 but la rger than the 0.5% fixed limit  in Eurocode 816.  9 

The horizontal reinforcement was also designed in accordance with NZS 3101:2006. Only 10 

minimum horizontal reinforcement was required to satisfy shea r capac ity, resulting in R6 (plain 11 

G300E, diameter = 6 mm or 0.24 in) stirrups  dis tributed evenly at 150 mm (5.9 in) centers  over the 12 

wall height, as shown in Fig 2. The s hear demand to capacity ratio, defined as the shear at no minal 13 

flexural st rength (Vmn) divided by the nominal shear s trength (Vn) calculated in accordance with 14 

NZS 3101:2006 and ACI 318-14 (identical) are also provided in Table 1. The shear demand to 15 

capacity ratio was significantly less than 1 for all test walls, which indica ted that the  wa lls were 16 

likely  to be flexure dominant. According to NZ S 3101:2006 (Amendment 3)8, anti-buckling t ies are 17 

required within the compression region for ductile walls and the spacing of  the ties should be less 18 

than 6db. To meet  this  ductility requirement, R6 stirrups  were p laced in the wall toes at 60 mm 19 

(2.4 in) centers  over the lower 1.4 m (55.1 in) of the wall height for all the test walls , a s shown in 20 

Fig 2. Cross ties  were  also placed between the vertical reinforcement  in the wall web region a t 21 

150 mm (5.9 in) centers  over the lower 1.4 m (55.1 in) of the wall height, as was also proposed in 22 

recent amendments. Wall C6 had identical horizontal reinforcement and anti-buckling t ies with the 23 

four test walls while no cros s tie s placed in the wall web4. 24 

Test setup 25 

The test setup  shown in Fig 3 was designed to simulate the expected seismic loading on the lower 26 
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portion of the sca led RC wall that represented designs app ropriate  for tall buildings and was  similar 1 

with that used for previous tests  by  Lu et a l.4. The two vertical actuators were programmed to apply 2 

an axial load and a moment that was  calculated based on the real-time measurement of the force in 3 

the horizontal actuator to achieve a cons tant axia l load ratio and shear span ra tio during tests 17. 4 

Additional details of t he actuator setup, foundations, out-of-plane restraint, anchorage of vertical 5 

reinforcement  and grouting between wall panel and founda tion were described by  Lu et al.4, 17. 6 

Loading protocol 7 

The loading protocol applied to the test  wa lls was developed in accordance with ACI 374.2R-1318 8 

and ACI ITG-5.1-0719 and also consistent with previous te sts  by  Lu et  al.4. The axia l load was 9 

applied p rior to cyclic lateral load and kept  constant throughout  the testing. A combination of force-10 

control and drift -control was used during app lying the cyclic lateral load. The lateral drifts during 11 

drift-controlled cycles  were 0.2%, 0.25%, 0.35%, 0.5%, 0.75%, 1.0%, 1.5%, 2.0%, 2.5% and 3.5% 12 

with three cycles at  each drift  level. Drift  to west was defined to be  positive and to the east a s 13 

negat ive, where the direc tions are defined in Fig 3. 14 

Instrumentation 15 

The instrumentat ion of the tests is shown in Fig 4. The  forces and displacements applied by each 16 

actuator were monitored using internal load cells and LVDTs. A total of 9 displacement gauges were 17 

placed at each edge up the height of the wall to monitor axial strains and curva tures. Shear 18 

deformations in the wall were measured us ing displacement  gauges in “X” configurations over two 19 

panel regions. In addition, the average reinforcement strains were measured using external 20 

displacement gauges ove r a 150 mm gauge length. Stra in penetrat ion of the vert ical reinforcement 21 

at the wall-foundation interface was measured using a displacement gauge  connected to the bottom 22 

stud welded on the vertical reinforcing bar and foundation. Disp lacement gauges were als o us ed to 23 

measure any potential vertical and horizontal slip a t the wall-to-foundation, wall-to-loading beam, 24 

and foundation to strong-floor joints.  25 

Material properties 26 
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Grade 300E reinforcing s teel produced by Pacific Steel Group  in accordance with AS/NZ S 467120 1 

was used for the test walls. Six samp les of each type of reinforcing bar were tested to confirm their 2 

stress-strain behaviour. The average ultimate strain 𝜀𝜀u was determined as the uniform elongation 3 

over a 100 mm (3.9 in) gauge length at maximum stress . The measured mechanical properties of R6 4 

(plain G300E, dia meter = 6 mm or 0.24 in), D10 (deformed G300E, diameter = 10 mm or 0.39 in), 5 

D12 (deformed G 300E, diameter = 12 mm or 0.47 in) and D16 (deformed G300E, diameter = 16 6 

mm o r 0.63 in) are  lis ted in Table 2. T he stress -strain rela tionships for all the four types  of the 7 

reinforcement  used in the test  wa lls  had an init ial linear-elast ic response, a yield p lateau, and a non-8 

linear stra in hardening phase until rupture.  9 

The meas ured mechanical properties  of the concrete at  the time of tes ting each of the fou r walls are 10 

listed in Table 3. Six concrete cylinders with a diameter of 100 mm (3.9 in) and a height of 200 mm 11 

(7.8 in) were made  alongside each wall panel with three cylinders used for compression te sts  to 12 

determine  the measured compressive strength (fcm) and the other three used for sp lit cy linder tes ts to 13 

estimate the tens ile strength (fct). The tensile strength listed in Table 3 are average splitting tensile 14 

strengt hs calculated direct ly  from the test conducted in accordance with NZS 3112.221. The 15 

modulus of elastic ity (Ec) was determined as  the s ecant st iffness from the origin to 50% of the peak 16 

concrete compres sive strength. To simulate the effect of average long-term average concrete 17 

strengt hs, a 40 MPa (5801 psi) concrete was  targeted for  the test walls.  This represented a specif ied 18 

design strength of 30 MPa (4351 psi) multip lied by  the long-term s trength modification factors in 19 

Eq. 5 (30×1.2×1.1= 39.6 MPa (5843 psi)). The measured c oncrete compressive strengths at  the time 20 

of tes ting were around 36.5 MPa (5294 psi), s lightly lower than the target long-term s trength. 21 

Accordingly, the measured tensile strengths listed in Table 3 were about 2.80 MPa (406 psi), which 22 

was also lower than the a ssumed average long-term tensile s trength which was calculated to be 23 

3.27 MPa (474 psi). However, the measured tensile strengths were close to the assumed tensile 24 

strengt h of 0.52�𝑓𝑓c′, which was calculated to be 2.85 MPa (413 psi) us ing the specified concrete 25 

strength of 30 MPa (4351 psi).  26 
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TEST OBSERVATIONS AND RESULTS 1 

Table 4 p rovides  a summary  of the drift cycle during which key  observations were made during the 2 

tests, including first cracking, concrete spalling, reinforcement buckling, core concrete  crushing and 3 

reinforcement  fracture. The test  wall C6 tested by Lu et al.4 is also included in Table 4 for 4 

comparison. An example of the evolution of the crack pat tern and damage for the typical test  wall 5 

M1 at  key drift levels  is shown in Fig 5. Additional photos for other test walls are published in Lu17. 6 

The crack patterns as well as the maximum measured crack widths at  the end of the test of s ix te st 7 

walls are shown in Fig 6. The crack pattern vis ible on both the  north and south sides  of the wall was 8 

similar, with minor differences as  the cracks  propagated through the wall.  Therefore, the crack 9 

pat terns in Fig 6 were  drawn only from the southern side, where the le ft-hand end is west and right-10 

hand end is east . Finally, the final condition and the moment-displacement hys teres is  response for 11 

the four tested walls are shown in Fig 7 and Fig 8, respectively.  12 

Wall M1 13 

Wall M 1 was considered the baseline wall with an end zone ve rt ical reinforcement ratio of 1.0%, 14 

which closely satisfied the minimum requirements proposed in NZS 3101:2006 (Amendment 3). 15 

The wall response was dominated by flexural behaviour  with a large number of horizontal cracks  16 

extending over almost  the entire wall height . In contrast to the comparable previously tes ted wall 17 

C6 that  had minimum distributed reinforcement as per NZ S 3101:2006 (Amendment 2) and were 18 

dominated by  3-4 large cracks, the cracks in wall M1 were more evenly  distributed over the p last ic 19 

hinge region. As shown in Fig 5 and Fig 6a, wall M1 had more cracks and a smaller crack spacing 20 

compared to that of wall C6. The maximum crack width at a drift of 2.5% was around 7 mm (0.28 21 

in), which was  significantly less than the 20 mm wide (0.79 in)  c rack width observed for wall C6 at  22 

the same drift  level. Furthermore , unlike wall C6 where all the flexural cracks formed p rior to 0.5% 23 

lateral drift, new secondary c racks continued to form in wall M 1 during cycles up to ±1.5% lateral 24 

drift. The cracking behaviour of wall M1 indicated that concentrating a greater portion of the 25 

reinforcement  in the ends of the wall can significant ly improve the  crack distribut ion and control of 26 
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crack widths .  1 

Concrete spalling and reinforcement buckling in wa ll M 1 were delayed when compared to wall C6 2 

due to the even distribution of plas ticity. As shown in Table 4, the concrete at  the corners  in the wall 3 

started to spall and buckling of the corner vert ica l reinforcement  initiated during cycles to lateral 4 

drifts of ±2.0%, while reinforcement buckling of wall C6 occurred during cycles to latera l drifts of 5 

+1.5%. Increasing the  ve rtical reinfo rcement resulted in an increased number o f secondary cracks, 6 

which allowed the reinforcement  strains to be more  evenly distributed over the plastic hinge region. 7 

This even distribution of plas ticity helped delay buckling of the ve rtical reinforce ment by avoiding 8 

the large tensile strains that  develop in vert ical reinforcement a t wide concentrated cracks, as was 9 

the case for walls with minimum dis tributed ve rtical reinforcement des cribed by Lu e t al.4. The two 10 

buckled reinforcing bars at the east end frac tured dur ing the second and third cycle to +2.5% lateral 11 

drift, respectively. At  west  end, one reinforcing bar fractured during the third cycle to -2.5% lateral 12 

drift. The delaying of reinforcement buckling s ignificantly reduced the damage of wall M1 when 13 

compared to wall C6 at the same drift level4, as shown in Fig 5. At  2.5% lateral drift , wall C6 was 14 

significantly damaged and the strength dropped below 80% of the peak strength, while wall M1 was 15 

still in an acceptable condition after reinforcement fracture with the largest crack still less than 16 

10 mm (0.39 in) and so the wall was loaded until 3.5% lateral drift. Subs equent web reinforc ing ba r 17 

buckling and frac ture occurred during the cycles to ±3.5% latera l drift. The final condition of the 18 

west and east  end of the wall is shown in Fig 7a. 19 

As observed in the force-displacement respons e in Fig 8a, the initia l c ross  section stiffness of wall 20 

M1 was slightly lower than expected due to unexpected cracking before the te st when the vertical 21 

actuators were ins talled. However, the inelastic response was not affected and was stable up until 22 

2.0% lateral dr ift when buckling of the vertical re inforcement caused strength degradat ion on 23 

subsequent cycles. The test  wall achieved a  peak s trength of 594.3 kN-m (438.4 kip s-ft) and -24 

601.4 kN-m (443.6 kip s-ft) at +1.5% and -1.5% lateral drift, respect ive ly. A drop of 20% of the peak 25 

strengt h occurred when the buckled reinforcing bar fractured during the third cycle to +2.5% late ral 26 
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drift.  1 

Wall M2 2 

Wall M 2 was identical to wall M1 except that D12 bars replaced the D10 bars  in the ends of the 3 

wall, result ing in a  larger end zone reinforce ment ratio of 1.44%. Similar to wall M1, the behaviour 4 

of wa ll M2 was dominated by flexure with a large number of cracks occurring over  the full wall 5 

height. As shown in Fig 6b, more obvious inclined shear cracks  were observed in the central web 6 

region of the wall and more secondary c racks occurred at ends of the wall due  to the larger end zone 7 

reinforcement  rat io. New secondary cracks continued to form up until drift  cycles of ±1.5%. In the 8 

later stages of the  tes t, the inclined web cracks were wider than the cracks at  wall edge due to the 9 

difference  in the distributed reinforce ment ratio in wall web and reinforcement ratio at  the ends of 10 

the wall. 11 

Concrete spalling and reinforcement buckling was delayed in wall M2 when compared to wall M1. 12 

As shown in Table 4, concrete spalling and reinforcement buckling init iated in wall M2 during 13 

cycles to ±2.0% latera l drift and ±2.5% lateral dr ifts, respectively. It appears that  the stability of the 14 

larger diameter  reinforcin g bars in wa ll M 2 provided increased stability and delayed the initiation of 15 

reinforcement  buckling. At east end, the buckled reinforcing ba r fractured during the first  cycle to 16 

+3.5% lateral drift . Subseque nt  reinforcing bars in the end zone fractured during the next  two cyc les 17 

to +3.5% lateral drift . At the wes t end, severe buckling of the outmost  vertical reinforcement caused 18 

localized lateral instability to initiate during the first  cyc le to +3.5% lateral drift. The wall edge 19 

moved about 30 mm (1.18 in) sideways to north (instrumentation face) at the height of  400 mm 20 

(15.7 in) above the foundation. The out-of-plane movement extended over half of the wall length. 21 

Vertical reinforcement  fracture did not occur at the east  end until the third cycle to -3.5% drift . The 22 

final condition at the east end of wall M2 is shown Fig 7b.  23 

The first flexural crack initiated during the first  cycle to +0.2% late ral drift with a wall base 24 

moment of 294.6 kN-m (217.3 kip s-ft), or roughly 43% of the peak strength. As  shown in Fig 8b, 25 

the inelastic response of wall M2 was stable up until ±2.5% lateral drift when buckling of the 26 
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vertical re inforcement occurred causing a gradual degradation in wa ll s trength. The test wall 1 

reached a peak strength of 668.6 kN-m (493.2 kip s-ft) and -631.3 kN-m (465.7 kip s-ft) at +2.5% 2 

and -2.0% lateral dr ift, respect ive ly, slight ly larger than that of wall M1 due to the increase of the 3 

end zone reinforcement ratio. Three vertical reinforcing bars fractured during the second cycle to 4 

+3.5% lateral drift , leading a 20% drop of peak strength. The moment-displacement hys teres is 5 

curves was slight ly larger than that of wall M1 due to the higher reinforcement rat io, indicat ing that 6 

more energy was  dissipa ted during the test.  7 

Wall M3 8 

Wall M 3 was comparable to wall M 1 and M2 except for a smaller end zone reinforcement ratio of 9 

0.72% corresponding to two D12 reinforcing bars (or a lternatively  a 1.0% end zone re inforcement  10 

rat io with a smaller end zone length of 150 mm or 5.9 in). Similar to wa ll M 1 the behaviour of wall 11 

M3 was also dominated by flexure with a la rge  number of cracks occurring over the full wall 12 

height. Wall M3 had slightly  less  secondary cracks  than that in wall M1 due to the reduced end zone 13 

reinforcement , as shown in Fig 6c. The maximum crack width was als o la rger than that of wall M1 14 

and M2, with the largest crack opening to 8 mm (0.31 in) wide. When compared to wa ll C6, the 15 

cracking behaviour was still significantly  improved, indicating that even a  small increase in 16 

reinforcement  at the ends of the wall can improve the cracking behaviour. New secondary cracks 17 

continued to form up until drift  cycles to ±1.0%, which was also earlier than wall M1 and M2.  18 

Concrete spalling occurre d during the first cycle to ±2.0% lateral drift , which was similar with that 19 

of wa ll M1. However, re inforcement buckling was delayed in wall M3 when compared to wall M1 20 

even though the reinforcement ratio of wall M3 was les s than that of wall M1, and initia ted during 21 

the first cycle to ±2.5% lateral drift . This again indicated that the stability of the larger diameter 22 

reinforcing bar (D 12 compared to D10) can help delay reinforcement buckling. At  the east  end of 23 

the wall, the two buckled reinforcing bars fractured during the first  cyc le to +3.5% lateral drift. At 24 

the west end, the two buckled re inforcing bars fractured during the second cyc le to -3.5% lateral 25 

drift. Subsequent  web reinforcing bars buckled and fractured during the third cycles to ±3.5% 26 
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lateral drift. The final condit ion at the west and east  end of wall M3 is shown in Fig 7c.  1 

The first flexural crack initiated during the first  cycle to +0.2% late ral drift with a wall base 2 

moment of 294.5 kN-m (217.2 kip s-ft), or roughly 52% of the peak strength. The inelastic respons e 3 

of wa ll M3 was s table up  until ±2.5% lateral drift when buckling of the vertical re inforcement  4 

occurred and caused a gradual degradat ion in wall st rength, as s hown in Fig 8c. Wall M3 achieved a 5 

peak strength of 560.8 kN-m (413.6 kip s-ft) and -532.0 kN-m (392.4 kip s-ft) at +1.5% and -2.0% 6 

lateral drift, re spectively, smaller than that of wall M1 due to the decrease of the end zone 7 

reinforcement  rat io. Two vertical reinforcing bars fractured during the second cycle to -2.5% lateral 8 

drift, leading a 20% drop  of peak strength.  9 

Wall M4 10 

Wall M 4 had a similar end zone reinforcement ratio as wall M1 but used two D16 reinforcing bars 11 

instead of four D10 reinforcing bars. The crack pattern of wall M4 was similar to that observed for 12 

wall M1, and was dominated by a significant number of flexura l cracks over the full wall height, as 13 

shown in Fig 6d. As the end zone reinforcement was more concentrated in the ends of the wall, 14 

cracks nea r wall edge  were s lightly denser than that in wall M1. In addition, new secondary cracks 15 

also formed up until drift cycles  to ±1.5%.  16 

As previously  discussed, due to the stability of the larger diameter reinforcing bars, concrete 17 

spalling and buckling of vertical reinforcement  in wall M4 were both delayed when compared to 18 

wall M1. Concre te spalling was  obs erved during cycles to ±2.0% late ral drift and vertical 19 

reinforcement  buckling occurred during the cycles to ±2.5% lateral drift. During the third cyc les to 20 

±2.5% lateral drift , reinforcement  buckling became more  severe and the core concrete started to 21 

crush at both ends of the  wa ll. Two vert ical reinforcing bars at the west end of the wall fractured 22 

dur ing the first  cycle to -3.5% lateral dr ift and one vertica l reinforcing bar at the eas t end of the  wa ll 23 

fractured during the third cyc le to +3.5% lateral drift. The final condit ion on the west and east  end 24 

of wa ll M4 is shown in Fig 7d.  25 

A few flexural cracks  init iated simultaneously during the first  cycle to +0.2% lateral drift  with a 26 
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wall base moment of 306.9 kN-m (226.4 kip s-ft), or roughly 48% of the peak strength. As  shown in 1 

Fig 8d, the inelas tic response of wall M4 was more stable than that  of wall M1 after ±2.0% lateral 2 

drift as reinforcement buckling was delayed in wall M4 test . T he peak strengths of wall M4 were 3 

630.2 kN-m (464.8 kip s-ft) and -630.7 kN-m (465.2 kip s-ft) at +1.5% and -1.5% lateral drift, 4 

respectively, s lightly  larger than that  of wall M 1 but s imilar to that of M2. Strength degradation 5 

occurred after ±2.5% lateral drift  due  to reinforcement  buckling, and the strength dropped below 6 

80% of the peak s trength when reinforcement fractured during the firs t cycle to -3.5% lateral dr ift. 7 

The moment-displacement hys teres is curves were  slightly larger than that of wa ll M 1 due to the 8 

higher reinforcement ratio, indicating that  more energy was dissipated during the test. 9 

DISCUSSION OF TEST RESULTS 10 

The instrumentat ion used for the test walls allowed for both the global and local behaviour of the 11 

wall to be  investigated. T he test results are interpreted in the following sections in te rms of cracking 12 

distribution, deformation components, curvature distribut ion, p last ic hinge length, reinforcement  13 

strains and re inforcement buckling. Sensor data is p lotted and discussed up until 2.5% lateral drift 14 

as displacement  gauges at the low part of the wall were  compromised during cycles to 3.5% lateral 15 

drift due to reinforcing bar buckling and fracture .  16 

Crack distribution 17 

The maximum measured crack widths and the average crack spacing observed during the first  cyc le 18 

to 2.5% latera l drift for each of the four tes t walls a re p lotted against the end zone vertical 19 

reinforcement  rat io in Fig 9 alongside comparable walls C2 and C6 that  also had a shear span ratio 20 

of 4 but had distributed minimum vertical reinforcement. The average crack spacing was est imated 21 

as the height over which the cracking extended up the wall divided by the number of the cracks 22 

observed at the wall edge. As shown in Fig 9, the maximum crack widths at  2.5% drift  for the four 23 

test walls were less than 8 mm (0.31 in), s ignificantly smaller than the 20 mm (0.79 in) wide c racks 24 

that were measured for both walls C2 and C6. As end zone reinforcement  ratio inc reased, the 25 

maximum crack width and average crack spacing bot h decreased, indicating that a greater number 26 
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of closely  spaced secondary  cracks occurred in the walls with a higher end zone reinforcement ratio. 1 

It should be noted tha t this t rend was  more obvious when the reinforcement ratio was small. For 2 

example, the maximum crack width decreas ed from 20 mm (0.79 in) to 8 mm (0.31 in) and the 3 

average crack spacing decreased from 275 mm (10.8 in) to 139 mm (5.5 in) when the end zone 4 

reinforcement  rat io increased from 0.5% to 0.72%. However, when the re inforcement ratio was 5 

larger, the  trend started to flat ten off as an optimum number of secondary  cracks had formed. 6 

Comparing the four test  walls M1 to M4 for  which the end zone reinforcement rat io ranged from 7 

0.72% to 1.44%, the maximum crack width varied from 4 mm (0.16 in) to 8 mm (0.31 in) and the 8 

average  crack spacing varied from 93 mm (3.7 in) to 139 mm (5.5 in). T his indicated that lumping 9 

vertical re inforcement in the ends  of the wall can significantly improve  the cracking behaviour of 10 

lightly reinforced concrete wa lls  that might otherwise be controlled by  discrete widely  spaced 11 

cracks. However, when the c racking behaviour of an RC wall is controlled by well distributed 12 

cracks, further increases to reinforce ment in the ends of the wall will not have  a significant  effect  on 13 

the crack distribution. This trend was also obse rved in the numerical mode ls  conducted by Lu and 14 

Henry7.  15 

Based on the discuss ion above, it appears that  the end zone re inforcement ratio in wall M3 was at 16 

the threshold for ensuring that well distributed secondary c racks initiate. However, as previously 17 

discussed, the measured concrete tensile strength of wall M3 was lower than the assumed average 18 

long-term tensile s trength and can only represented the tens ile strength when using specified 19 

concrete strength. If the concrete strength gained the assumed long-term concrete strength or higher, 20 

the ra tio between the tensile capacity  of reinforcement  and concrete would decrease and so 21 

secondary cracks would like ly be reduced, resulting in poor seismic performance. Furthermore, 22 

dur ing the test, wall M3 was subjected to pseudo-static cyclic loading and the wall was observed to 23 

have reasonable c racking behaviour. However, if wall M 3 was subjected to dynamic loading that 24 

might  increase the concrete tens ile strength, secondary cracks would be further reduced. For walls 25 

M1, M 2 and M4 that had la rger end zone reinforce ment ratios, the re was  a reasonable margin of 26 
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safety to ensure secondary cracks. The end zone reinforce ment ratio in wall M 1 that was in-line 1 

with the proposed amendments in NZS 3101:2006 (Amendment 3) can be considered as an 2 

appropria te threshold to ens ure that well distributed secondary  cracks form when the  wa ll is  3 

subjected to dynamic earthquake loading. A reduced end zone reinforcement ratio or a smaller end 4 

zone length may result in undesirable cracking behaviour during earthquakes, while a larger end 5 

zone reinforcement rat io does  not provide a noticeable improvement in the crack distribution. Given 6 

that the requirements  in ACI 318-14 and Eurocode 8 typically result in les s vert ica l reinforcement  7 

than that  required by NZS 3101:2006 (Amendment 3), the  behaviour of comparable walls  designed 8 

in accordance with other design s tandards may result in significant  less  secondary cracking. T he 9 

behaviour of walls des igned as per C SA A23.3-14 which require similar end region re inforcement  10 

rat io but significantly les s distributed re inforcement ratio by NZS 3101:2006 (Amendment 3) also 11 

needs to be further assessed.  12 

Deformation components 13 

As with p revious tests4, the measurement  of the wall flexura l de formations  were s plit into four 14 

panel regions (F1, F2, F3 and F4), as  shown in Fig 4, to quantitatively  compare the deformation 15 

contribution up the wall height. The flexura l de formations were  calculated by double-integrat ing the 16 

curvatures  calculated from the vert ica l disp lacement gauges located along both wa ll edges, 17 

assuming plane sections remain plane. The shear deformations were computed direct ly from t he 18 

diagonal displacement gauges in accordance with the methods p roposed by Hiraishi22. The strain 19 

penetration was difficult  to quantify  because it could not be easily separated from the wide flexural 20 

crack at the wall base for lightly  reinforced concrete walls. Therefore, the lateral disp lacement  21 

result ing from reinforcement stra in penetrat ion into the  foundation was not ca lculated separa tely 22 

and was instead included in the flexural component  F1. The contribut ions of the flexural and shear 23 

deformation components to the total wall displacement during the firs t cycle to each lateral drift  24 

level for each test  wa ll as well as wall C6 are shown in Fig 10. The summation of these five 25 

deformation components correlated well with the lateral displacement  measured direc tly at the top 26 
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of the wall, with an error typically less than 10%. The components  were s lightly unsymmetric for 1 

some walls due to differences  in the crack distribut ion between the  east and west  ends of the wall.  2 

For all the four test walls, the flexura l displacements  were cons ide rably larger than the shear 3 

displacements, which roughly accounted for 9-12% of the total lateral displacement . T he 4 

contribution of shear deformation in the four walls was similar with that recorded in other ductile 5 

RC wall tests, such as  walls  tes ted by Dazio et al.23 (shear deformation around 10%). However, the 6 

shear deformations were larger than that  observed in wall C6 that  had only  minimum distributed 7 

vertical re inforcement as per NZ S 3101:2006 (Amendment 2), which were  extremely flexure 8 

dominant with shear deformations that contributed to less than 5% of the  total lateral disp lacement. 9 

The difference of the flexural deformation components between the four test walls and wall C6 was 10 

also substantial. For wall C6, components F1 and F2 that accounted for 18% of the wall height 11 

contributed nearly  75% of the total lateral displacement in different drift levels. These  local 12 

deformations confirmed that inelastic deformations were not dis tributed over a large length of the 13 

wall height, and that  the wall behaviour was  ins tead dominated by  2-3 main flexura l cracks at the 14 

wall base. As the cracks in walls M1 to M4 were more evenly dis tributed over the plastic hinge 15 

region, the  flexural deformation of the  four test walls  were a lso more distributed among the flexural 16 

panel regions up the wall height. Unlike  wa ll C 6, components F1 and F2 roughly  contributed 50% 17 

of the total latera l dis placement for test walls M1 to M 4. In addition, component  F4 contributed 5-18 

10% of the total deformation for all four test walls while that region contributed almost nothing to 19 

the re sponse of wall C6. This confirmed that inelastic deformation of the four tes t walls was 20 

distributed over a larger length of the wall height . Furthermore, for wall C6, the re lative 21 

contribution of F1 increased sharply and F2 decreased sha rply between drifts  from -2.0% to -2.5% 22 

drift. The concentration occurred as the dominant flexural crack at  the wall base widened at large 23 

drifts, resulting in la rge inelastic stra ins  and fracture of the vert ical rein forcement. At the same drift 24 

level, this localisation behaviour was  not observed in the four test walls. T he rela tive contribution of 25 

each component of the four test walls kept s imilar as la teral drift increased. In addition, the 26 
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contribution of deformation components  of all the four test walls were similar, indica ting end region 1 

vertical re inforcement ratio ranging from 0.72% to 1.44% did not significantly  influence the 2 

deformation components.  3 

Curvature distribution 4 

The average curvatures up the wall height, calculated from the disp lacement  gauges at the wa ll 5 

edge, at the first cycle to each drift  target for each test wall as well as wall C6 are shown in Fig 11. 6 

The curvature  dis tributions further confirm the observed wall behaviour and correlate well with the 7 

crack patterns shown in Fig 6 and the deformation component shown in Fig 10. For wall C6, the 8 

curvature distribution contained a few sharp peaks at the location of wide cracks as opposed to 9 

continuous ly  distributed curvatures ove r the wall height. However, for wa lls  M1 to M4, the 10 

curvatures  were more continuous ly distributed over the  wa ll he ight, as  shown in Fig 11. The 11 

characteristic of this curvature distribution was also found in other ductile wall te sts23 and was 12 

typical of duct ile  RC members with a well distributed plastic hinge24. The curvature distribution of 13 

wall M2 with the largest end zone re inforcement ra tio were slightly  more even and stable than that 14 

of other walls. For walls M3 and M4, there were a few locations where curva ture was not 15 

distributed linearly and was att ributed to the randomness of the crack pat tern and was also obse rved 16 

by  other duct ile wall tes ts 25.  17 

Plastic hinge length 18 

The plastic hinge length (lp) calculated at each drift cycle for each of the four test walls as well as 19 

walls C2 and C6 are plotted alongside the theoretical plastic hinge length calculated in accordance 20 

with NZS 3101:2006 in Fig 12.  The measured plastic hinge length was calculated using the same 21 

methods in previous tests4 in accordance with Eq.6, where 𝜑𝜑𝑚𝑚  is the maximum curvature measured 22 

during the test, 𝜑𝜑𝑦𝑦  is the yield curvature defined as 2𝜀𝜀𝑦𝑦 𝑙𝑙𝑤𝑤⁄ 26 and 𝜃𝜃𝑝𝑝  is the plastic rotation 23 

calculated by integrating the plastic curvature profile over the entire wall height.  24 
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 𝜃𝜃𝑝𝑝 = �𝜑𝜑𝑚𝑚 − 𝜑𝜑𝑦𝑦�𝑙𝑙𝑝𝑝              (6) 1 

In NZ S 3101:2006, plas tic hinge  length is calculated as the smaller of 0.15M/V and 0.5lw, which is 2 

consistent with recommendations from p revious researche rs27, 28. The NZS 3101 plas tic hinge 3 

length for these walls with a shear span ratio of 4 was controlled by 0.5lw (or 700 mm). T he 4 

measured plastic hinge lengths in the  positive and negative loading directions were not perfec tly 5 

symmetric due to the  influence of different crack pat terns at two ends . As  shown in Fig 12 the 6 

average  p last ic hinge lengths of wall C6 and wall C2 were about 450 mm and 400 mm, respectively, 7 

well below the  theoretical plastic hinge length due to the concentrated ine lastic behaviour at  the 8 

wall base. However, for the tested walls M1 to M4, the  average p last ic hinge length calculated from 9 

the te st  response was  roughly equal to 725 mm and correlated well with the plastic hinge length 10 

assumed by NZS 3101:2006. These res ults highlight that t radit iona l a ssumptions for plastic hinge 11 

length analysis are not  suitable for lightly reinforced walls with only minimum dis tributed ve rtical 12 

reinforcement , but  are  applicable for the walls with additional vertical reinforcement  at the ends of 13 

the wall, as per the proposed requirements  in NZS 3101:2006 (Amendment 3). 14 

Vertical reinforcement strains 15 

The average tens ile strains measured along the outmost ve rtical reinforcement up the  height of the 16 

wall are p lot ted in Fig 13 for each test wall as well as wall C6. The strains were obta ined by 17 

dividing the readings  from the displacement gauges welded onto the vertical reinforcement by  the 18 

gauge  lengt h of 150 mm. Strains meas urements were compromised after the  reinforcement  buckled 19 

and so these values a re not p lotted in Fig 13. For wa ll M 1 at west end and wall M 2 a t both ends, the 20 

bottom studs welded on the reinforc ing bar were broken before test so the bottom reinforcement  21 

strains were plotted re lative to the foundation instead. The stra in distributions were diffe rent  for 22 

drifts to west and east as the average strain measurements were affected by the crack distribution 23 

and the strain profiles  are  also dependent on the gauge length. The reinforcement s trains in wall C6 24 

was inconsistent up the wall height with inelas tic s trains concentrated at crack locations . However, 25 

for the four test walls with addit ional vertical re inforcement in ends of the wall, the re inforcement  26 
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strains were more evenly  distributed over the p last ic hinge region, which were similar with well 1 

detailed ductile RC walls23, 25.  This finding indicated that the  increased secondary cracking in the 2 

four test walls was sufficient  to ensure that  reinforcement strains were evenly  distributed. The 3 

reinforcement  strain distribut ions  for test  wa lls  M1 to M4 were simila r, indicating that increasing 4 

the re inforcement at the ends  of the wall from 0.72% to 1.44% did not have a significant effect on 5 

the re inforcement stra ins .  6 

Reinforcement buckling 7 

As with the six test  walls4 with minimum distributed vert ical reinforcement , the failure of all four 8 

test walls was also controlled by  buckling and subsequent frac ture of the vertical reinforcement. As 9 

presented by  Lu et al.4, reinforcement buckling in the p revious six test walls was attributed to the 10 

large crack widths and concentra ted inelastic reinforcement  strains. To compare the initiat ion of 11 

reinforcement  buckling between the previous six test walls with dis tributed ve rtical reinforcement 12 

(C1-C6) and the current four test  wa lls with additional re inforcement concentrated at  the ends of the 13 

wall (M1-M4), the measured average re inforcement tens ile strains  and crack widths at the locat ion 14 

of buckling in the cycle pr ior to reinforcement buckling for all the test walls are summarised in 15 

Table 5. The onset of reinforcement  buckling was defined as visible distress during the test , 16 

typically in the form of the concrete spalling or vertical cracks initiating adjacent to the buckled 17 

reinforcement . It a lso should be noted that the reinforce ment strains listed in Table 5 were average 18 

strains calculated by dividing the readings from the displacement gauges welded onto the vertica l 19 

reinforcement  by  the gauge length of 150 mm.  20 

In general, the  reinforcement  buckling was delayed in walls  M1-M4, as discussed previously. The 21 

even distribut ion of p last icity  he lped to delay buckling of the vertical reinforcement by avoiding the 22 

large vertical reinforcement tensile strains that  develop at w ide  dis crete cracks. As shown in Table 23 

5, the  average strain prior to reinforcement  buckling for walls C 1-C6 ranged from 2.2% to 4.5% 24 

with an average of  3.5% and 3.3% for the east and west ends of  the wall respectively. For walls M1-25 

M4, the avera ge strain measured prior to reinforcement  buckling were larger, ranging from 3.2% to 26 
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6.4% with an average of 4.4% and 4.7% for the east and west ends of the wall respectively. In 1 

contra st to the average reinforce ment strains, the average crack width at the locat ion of buckling for 2 

walls C1-C6 was about 6.5 mm, larger than the 4.0 mm average crack width for walls M1-M4. The 3 

larger average tensile s train and smaller crack widths  indica ted that more s econdary cracks  occurred 4 

in the  walls with additional re inforcement concentra te a t the ends of the wall. For the walls with 5 

discrete cracking behaviour, as was the case  for walls C1-C6, the peak strain in the reinforcement at 6 

the concentra ted crack is  significantly higher than the average strain over a specific gauge  length. 7 

However, for the  walls with well distributed secondary cracks, as was  the case for walls M1-M4, 8 

the re inforcement stra ins  at c racks are close to the average stra in over the gauge length.  Therefore, 9 

larger average reinforcement tensile s train was achieved prior to buckling for walls M1-M4, which 10 

resulted in de laying reinforcement buckling. 11 

CONCLUSIONS 12 

Test results were presented for four RC walls that were designed with addit ional reinforcement  13 

concentrated at the ends of the wall in accordance with amendments to the minimum vertical 14 

reinforcement  requirements for ductile walls  in NZS 3101:2006 (Amendment 3). The test 15 

observations and results were compared with previous ly tested walls4 that had only minimum 16 

distributed vertical re inforcement as per NZ S 3101:2006 (Amendment 2). The main conclusions 17 

drawn from this expe rimental study are summarized as follows: 18 

• The four test  walls were controlled by a large number o f primary and secondary cracks over 19 

the wall height . T he walls with a larger end zone vertical re inforcement ra tio had more 20 

secondary cracks. However, when the end zone vert ical re inforcement ratio was s imilar, the 21 

diameter and number of re inforcing bars in ends of the wall did not have a  significant effect 22 

on cracking behaviour. 23 

• The curvature and reinforcement  strain distributions in the  plas tic hinge region of the  four 24 

test walls were continuously distributed over the wall height. Increasing the end zone 25 

reinforcement  rat io from 1.0% to 1.44%, and increas ing the reinforc ing ba r diameter, did not 26 
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significantly influence the curvatures  and reinforcement  strain profiles. Additionally, typical 1 

plastic hinge length assumptions that are used to est imate drift capacity and curvature 2 

demands are suitable for the four test walls. 3 

• The failure for all the four test walls was controlled by vertical reinforcement buckling and 4 

subsequent reinforcement fracture. When compared to test  walls with minimum distributed 5 

vertical re inforcement, the increased vertica l reinforcement  content  in the four test wa lls 6 

resulted in inc reased number of secondary cracks that a llowed the reinforcement  strains to 7 

be more evenly distributed over the p last ic hinge region. T he even distribution of  8 

reinforcement  strains in the walls  with addit ional ve rtical reinforce ment at  the ends of the 9 

wall meant that larger average  reinforcement  tens ile  strains could be achieved prior to 10 

reinforcement  buckling when compared to the previously tested wa lls  that had only 11 

distributed reinforcement . In addition, the stability of the larger diameter re inforcing bars 12 

can help to de lay the onset of reinforcement  buckling for lightly  reinforced concrete walls.  13 

• When compared to the minimum distributed vertical reinforcement  require ments in 14 

NZS 3101:2006 (Amendment 2), the additional vertical reinforcement limits  propos ed for 15 

the end region of ductile walls in NZS 3101:2006 (Amendment 3) were found to be 16 

appropria te to ensure the secondary  cracks occurred in the plastic hinge region. A reduced 17 

end zone reinforcement ratio or a smaller end zone length may result in undesirable cracking 18 

behaviour during earthquakes. Additionally, an end zone vertical reinfo rcement ratio larger  19 

than that  proposed may result in slight ly more secondary cracks, but no significant 20 

improvement in the s eismic performance.  21 

• It is recommended that concrete  design standards adopt require ments for concentrat ing a 22 

greater portion of the reinforcement at the ends  of RC walls  to improve the cracking 23 

behaviour and ductility of walls with minimum vertical reinforcement. The minimum 24 

vertical re inforcement requirements for duct ile RC walls  in ACI, Eurocode 8, GB 50010-25 

2010 and CSA A23.3-14 should be re-assessed to ensure that well distr ibuted cracks deve lop 26 



25 

as intended in pla stic  hinge regions . The proposed requirements to calculate the end zone 1 

reinforcement  rat io based on the long-term direct tensile strength of the concrete are 2 

considered to be app ropriate to achieve this objective. 3 
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Figures 1 

  2 
Fig 1 - New minimum vertical reinforcement for limited or fully ductile wall plastic regions in 3 

NZS 3101:2006 (Amendment 3) 4 
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 1 (a) Elevations 2 

 3 (b) Cross sections 4 

Fig 2 - Drawings of test wall specimens (D = deformed bar; R = round bar; units in mm; 1 mm = 5 
0.039 in.) 6 
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 1 

  
(a) Test setup illustration (b) Photo of test setup in lab 

Fig 3 - Wall test setup 2 

  3 
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(a) Panel displacement gauges (b) Strain gauges and string-pots 

Fig 4 - Instrumentation used for the test walls (units in mm; 1 mm = 0.039 in.) 1 

  2 
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 1 

  2 

  
(a) 0.5% lateral drift (b) 1.5% lateral drift 

  
(c) 2.5% lateral drift (d) 3.5% lateral drift 

Fig 5 - Evolution of crack pattern and damage of wall M1  3 

  4 
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(a) M1 (b) M2 (c) M3   1 

  

(d) M4 (e) C6 

Fig 6 - Final crack patterns and measured crack widths of the four test walls compared with wall 2 
C6 at 2.5% lateral drift (units in mm; 1 mm = 0.039 in.) 3 

  4 
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East end East end East end East end 

    
West end West end West end West end 

(a) M1 (b) M2 (c) M3 (d) M4 

Fig 7 - Photos of the wall toe at the end of each test 1 

  2 
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(a) Wall M1 (b) Wall M2 

  
(c) Wall M3 (d) Wall M4 

Fig 8 - Moment-displacement response for all five test walls (1mm = 0.039 in.) 1 
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(a) Maximum crack width (b) Average crack spacing 

Fig 9 - Maximum crack width and average crack spacing at 2.5% lateral drift for test walls with a 1 
shear span ratio of 4 2 
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(a) Wall M1 (b) Wall M2 

  
(c) Wall M3 (d) Wall M4 

 
(e) Wall C6 

Fig 10 - Panel deformation components of the four test walls compared with wall C6 1 
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(a) Wall M1 (b) Wall M2 

  
(c) Wall M3 (d) Wall M4 

 
(e) Wall C6 

Fig 11 - Curvature distributions over the height of the four test walls compared with wall C6 (1 mm 1 
= 0.039 in.) 2 
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 1 

 2 
Fig 12 - Calculated plastic hinge lengths of test walls with shear span ratio of 4 (1 mm = 0.039 in.) 3 
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(a) Wall M1 (b) Wall M2 

  
(c) Wall M3 (d) Wall M4 

 
(e) Wall C6 

Fig 13 - Average strains along the vertical reinforcement of the four test walls compared with wall 1 
C6 (1 mm = 0.039 in.) 2 

  3 

0.0

0.5

1.0

1.5

0 5 10

H
ei

gh
t a

bo
ve

 fo
un

da
tio

n 
(m

)

Average strain (%)

Drift to West

0 5 10
Average strain (%)

0.35%

0.50%

0.75%

1.00%

1.50%

2.00%

2.50%

Drift to East

0.0

0.5

1.0

1.5

0 5 10

H
ei

gh
t a

bo
ve

 fo
un

da
tio

n 
(m

)

Average strain (%)

Drift to West

0 5 10
Average strain (%)

0.35%

0.50%

0.75%

1.00%

1.50%

2.00%

2.50%

Drift to East

0.0

0.5

1.0

1.5

0 5 10

H
ei

gh
t a

bo
ve

 fo
un

da
tio

n 
(m

)

Average strain (%)

Drift to West

0 5 10
Average strain (%)

0.35%

0.50%

0.75%

1.00%

1.50%

2.00%

2.50%

Drift to East

0.0

0.5

1.0

1.5

0 5 10

H
ei

gh
t a

bo
ve

 fo
un

da
tio

n 
(m

)

Average strain (%)

Drift to West

0 5 10
Average strain (%)

0.35%

0.50%

0.75%

1.00%

1.50%

2.00%

2.50%

Drift to East

0.0

0.5

1.0

1.5

0 5 10

H
ei

gh
t a

bo
ve

 fo
un

da
tio

n 
(m

)

Average strain (%)

Drift to West

0 5 10
Average strain (%)

0.35%
0.50%
0.75%
1.00%
1.50%
2.00%
2.50%

Drift to East



41 

Tables  1 

Table 1 - Details of test walls (1 mm = 0.039 in.) 2 

Wall 
Shear 
span 
ratio 

Axial 
load 
ratio 

Shear 
demand to 
capacity 

ratio 

Vertical reinforcement ratio (%) End  
zone 

Reinforcement 

End 
zone 

length 
(mm) 

Horizontal 
reinforcement 

ratio (%) 

End 
ties 

(mm) 

Web ties 
(mm) 

End 
zone 

Web 
region Total 𝜌𝜌𝑙𝑙 𝜌𝜌𝑙𝑙𝑙𝑙⁄  

M1 4 3.5% 0.26 1.00 0.47 0.67 0.47 4 D10 210 0.25 R6@60 R6@150 
M2 4 3.5% 0.29 1.44 0.47 0.80 0.32 4 D12 210 0.25 R6@60 R6@150 
M3 4 3.5% 0.25 0.72 

(1.0) 0.47 0.59 0.65 2 D12 210 
(150) 0.25 R6@60 R6@150 

M4 4 3.5% 0.29 1.28 0.47 0.76 0.36 2 D16 210 0.25 R6@60 R6@150 

 3 

  4 
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Table 2 - Mechanical properties of reinforcing steel (D = deformed bar; R = round bar; 1 MPa = 1 
0.145 ksi.) 2 

Reinforcement fy  
(MPa) 

fu  
(MPa) fy/fu εu  

(%) 
R6 322 450 1.40 16.4 
D10 387 484 1.25 13.2 
D12 371 471 1.27 11.4 
D16 334 467 1.40 14.5 

 3 
 4 

  5 
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 1 

Table 3 - Mechanical properties of concrete (1 MPa = 0.145 ksi; 1 GPa = 0.145 psi; 1 kg/m3 = 2 
0.062 lb/ft3) 3 

Test wall fcm 
(MPa) 

Ec  
(GPa) 

fct  
(MPa) 

ρc  
(kg/m3) 

M1 37.1 34.0 2.99 2402 
M2 36.3 34.0 2.87 2409 
M3 36.3 28.8 2.76 2419 
M4 36.7 30.4 2.57 2352 

 4 

  5 
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Table 4 - Key observations for the four test walls compared with wall C6 1 

Test 
wall Direction First cracking Concrete spalling Reinforcement buckling 

Core 
concrete 
crushing 

Reinforcement fracture 

M1 
+ N/A +2.0%1 a +2.0%3 +3.5%3 +2.5%2 
- N/A -2.0%1 -2.0%2 -3.5%1 -2.5%3 

M2 
+ +0.2%1 +2.0%3 +3.5%1 +3.5%1 b +3.5%1 
- -0.2%1 -2.0%3 -2.5%2 -3.5%2 -3.5%3 

M3 
+ +0.2%1 +2.0%1 +2.5%1 +3.5%1 +3.5%1 
- -0.2%1 -2.0%1 -2.5%1 -3.5%1 -2.5%2 

M4 
+ +0.2%1 +2.0%2 +2.5%1 +2.5%3 +3.5%3 
- -0.2%1 -2.0%2 -2.5%3 -2.5%3 -3.5%1 

C6 
+ +0.12% +1.0%3 +1.5%3 N/A +2.5%3 
- -0.12% -2.0%1 -2.0%3 N/A -2.0%2 

a superscript present the cycle number, b instability occurred 2 
  3 
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Table 5 - Average vertical reinforcement tensile strains and crack widths prior to reinforcement 1 
buckling (1 mm = 0.039 in) 2 

Test 
Test 
wall 

Drift at buckling (%) Average reinforcement tensile 
strain (%) 

Crack widths (mm) 

Drift to west Drift to east Drift to west Drift to east 
Drift to 

west 
Drift to 

east 

First 
series4 

C1 1.5 1.5 4.4 2.2 4 6 
C2 1.5 1.5 3.6 2.8 4 7 
C3 1.5 1.0 2.6 3.5 6 6.5 
C4 1.0 0.75 4.4 4.4 10 8 
C5 1.5 1.5 8.2* 2.9 6 4 
C6 1.5 2.0 4.1 4.1 7 6 

Average   3.8 3.3 6.5 6.4 
COV   0.20 0.25 0.39 0.27 

Second 
series 

M1 2.0 2.0 N/A** 4.1 3 3 
M2 3.5 2.5 4.8 3.5 5.5 4 
M3 2.5 2.5 5.2 6.4 5 6 
M4 2.5 2.5 3.2 5.2 4 4 

Average   4.4 4.7 4.1 4.0 
COV   0.20 0.24 0.28 0.31 

* buckling occurred in a different location where the measuring length is only 50 mm, other steel strains are based on 3 
gauge length of 150 mm. This value was not included when calculating the average value and the coefficient of 4 
variation; ** stud was broken prior to reinforcement buckling.  5 
 6 

  7 
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