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Abstract: Autoclaved Aerated Concrete (AAC) is still designated as a 

non-engineering material because it is considered not to contribute to the 

stiffness and strength of structural members and is considered limited to 

infilling material within structural building frames. This provision needs to 

be reviewed because based on several studies its contribution to the stiffness 

and strength of the building structure is quite significant. This study involved 

tests of confined concrete column specimens infilled with AAC. The results 

indicate that its capability to dissipate the earthquake energy still satisfies all 

three criteria of the ACI 374.1-05 provisions, such as capability to carry 

loads > 0.75Ph-max, relative energy dissipation ratio (β) > 0.125, and gradient 

hysteresis loop limited by drift ratio limit (-0.35% and +0.35) > 0.05. Apart 

from that, it is also able to enhance the column ductility to reach up to 9.285 

(greater than 4), which is categorized as high ductility criteria in FEMA 356. 

All test columns in the study failed in flexural modes as designed (no shear 

failures occurred). 

Keywords: Autoclaved aerated concrete, disaster risk reduction, ductility, 

seismic energy dissipation, stiffness, strength 

1 Introduction 

Building structures must be designed according to the conditions in which the building was built, 

particularly in earthquake-prone areas such as most areas in Indonesia. This design certainly requires 

innovation to improve the performance of the structure or structural members such as concrete beams 

or columns, especially since, in general, concrete is a construction material that has been used 

globally [1]. One innovation is to utilize lightweight bricks to strengthen column members [2], and the 

other one is to use masonry bricks made from red bricks and lightweight bricks to improve the 

concrete beam capacities [3]. This also considers that AAC as wall-filling can provide additional 

stiffness to structural elements [4-7]. Although several provisions [8, 9] define Autoclaved Aerated 

Concrete (AAC) only as a non-engineering material for building structures, which is considered no 

contribution to the stiffness and strength of structural members such as concrete beams and columns. 

However, on the other hand, other researchers [10] state that it still can provide a significant 

contribution to the strength of structural members. 

The most rational way [11] to evaluate the capability of structural members is to apply the 

energy-based approach, namely seismic energy dissipation capacity. This energy is different from 

force or displacement. Energy is a scalar that can synthesize the effects of earthquakes on structures. 
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Studying the behavior of reinforced concrete members that experience axial loading (columns) is a 

very important research topic for building structures in earthquake-prone areas, so it needs to be 

researched continuously. This also includes studying the shape and material of the columns which are 

expected to be able to dissipate earthquake energy well. It turns out that the energy dissipation also 

depends on the cross-sectional geometry, the axial load ratio, and the number of cycle repetitions that 

have a significant influence on the total energy dissipation [12]. 

Unfortunately, as far as the authors are concerned, not much research has been conducted on this 

topic which introduced AAC as a part of structural material cast in the midsection of concrete 

columns. The study particularly in terms of experimental investigation of their seismic behaviors is 

one of the major issues which required to be discovered. In this research, the middle of the column 

cross-section/geometry was filled with AAC with several thickness variations. This was carried out to 

investigate the seismic energy dissipation capacity of each variation. 

2 Materials and Experimental Testing Procedure 

2.1 Materials 

The materials used in this research in columns filled with AAC include normal-strength concrete, 

longitudinal reinforcement, stirrups, and AAC. All of these materials were products from Indonesia. 

So that all the materials used in this research are reliable for future applications. Ready-mix concrete 

was also used in this research with the average fc' = 40.78 MPa (standard deviation: 0.59 MPa). The 

properties of the materials used for steel reinforcement are D8 stirrups with the average fyh = 446.82 

MPa (standard deviation: 25.06 MPa) and ultimate elongation of 16.01% (standard deviation: 0.17%), 

D10 longitudinal steel bars with the average fy = 445.11 MPa (standard deviation: 29.64 MPa) and 

ultimate elongation of 18.44% (standard deviation: 0.41%). The standard test methods and standard 

practice for concrete and steel bars used the common standards adopted in Indonesia, namely ASTM 

[13-15]. Each test involved three individual samples. The compressive strength of AAC is around 4.0 

MPa. The materials used in the research have met the terms and conditions [16]. The reinforced 

concrete column specimens were prepared with and without infilling AAC. Column specimens 

without infilling AAC were designed according to SNI [17] with dimensions of 200 mm × 200 mm × 

1000 mm as shown in Fig. 1, while column specimens with infilling AAC have their cross-sections 

divided into two equal areas (left and right) and in between were filled with AAC (see Fig. 2 and Tab. 

1). 
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Fig. 1. Column without AAC. 
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Fig. 2. Column with AAC (mm) 

Table 1. Details of column test specimens 

Column Specimen ID 
Longitudinal 

Reinforcement 

Transverse 

Reinforcement 

Spacing 

AAC Brick Depth 

(mm) 
Position of AAC 

Column 1 8D10 D8-50 0 - 

Column 2 8D10 D8-50 50 see Fig. 2 

Column 3 8D10 D8-50 100 see Fig. 2 

Column 4 8D10 D8-50 150 see Fig. 2 

Column 5 8D10 D8-50 200 see Fig. 2 

 

The ductilities of concrete members can be achieved by introducing steel fibers [18] or 

confinement using stirrups in concrete beams [19, 20] and steel fibers [21], welded reinforcement 

grids [22-25], fiber reinforced polymer [26], stirrups [27], spirals [28-31] and steel collars [32] in 

concrete columns under axial compression [18-21] and lateral reverse cyclic loading [33-36]. To 

provide adequate confinement, a confining value (Zm) and the reinforcement and anchorage of the 

column test specimens are designed in such a way as to satisfy the requirements and provisions, along 

with the location of the AAC. The Zm value is very important because it will affect the level of 

column ductility, the confining value Zm [37] can be calculated based on the following equation: 
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where Zm is the modified Kent-Park concrete confinement value [37], K = 1 + [(s  fyh) / fc'), s is the 

volumetric ratio of stirrup reinforcement to confined concrete core measured from outer edge to outer 

edge of stirrups, sh is the spacing from centerline/center to centerline/center of stirrups (mm), fyh is the 

yield strength of stirrup reinforcement (MPa), fc' is the compressive strength of concrete (MPa), and b'' 

is the cross-sectional dimension of confined concrete core measured from outer edge to outer edge of 

stirrups (mm). 

The value of Zm is very important in the arrangement of confinement. By knowing the value of 

Zm, the value of sh (stirrup spacing) can be found. Likewise, if the stirrup spacing is known, the value 

of Zm can be determined. From the moment-ductility curve, a good arrangement of confinement can 

be achieved with a low value of Zm. This can be determined by increasing the value of s. The greater 

the value of s, the better the confinement such that the value of Zm is smaller, and thus, the smaller 

the value of Zm, the better the ductility. 
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2.2 Experimental Test Procedure 

All column specimens were tested with a displacement-controlled pattern following the protocol 

as shown in Fig. 3. Each test cycle was carried out three times in alternating phases based on ACI 

374.1-05 [38]. This test began with a displacement of 0.2% drift ratio. The next cycle used a drift ratio 

of not less than 1.25 and not more than 1.5 times the previous drift ratio the increase in the drift ratio 

was carried out gradually until a minimum drift ratio value of 0.035 or 3.5% was achieved. A drift 

ratio of 3.5% can also be called a normal condition for testing the achievement of ductility for column 

specimens tested with quasi-cyclic loading. However, in this study, the new cycle was stopped after 

the test specimen collapsed, which was around the 15th cycle, the cycle in question is listed in Tab. 2. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Displacement controlled cycles [38]. 

Table 2. Drift ratio for all column specimens, Lcol = 1000 mm 

Cycle 
Drift ratio 

(%) 

Lateral displacement 

(mm) 

1 0.20 2.00 

2 0.25 2.50 

3 0.35 3.50 

4 0.50 5.00 

5 0.75 7.50 

6 1.00 10.00 

7 1.40 14.00 

8 1.75 17.50 

9 2.20 22.00 

10 2.75 27.50 

11 3.50 35.00 

12 4.38 43.75 

13 5.47 54.69 

14 6.84 68.36 

15 8.54 85.45 

16 10.68 106.81 

17 13.35 133.51 

2.3 Criteria and Energy Dissipation Calculation 

Criterion 1: The load that can be carried must be greater than 75% of the maximum load (see Fig. 

4(a)). Criterion 2: The comparison value between the area formed by the hysteretic loop and the area 

of the parallelogram formed from the intersection of the ends of the hysteretic loop at story drift 

3.50% of the 3rd cycle with the stiffness at story drift 0.2% of the 1st cycle must be greater than 0.125 

(see Fig. 4(b)). Criterion 3: The comparison value of the gradient of the hysteresis loop limited by 

-0.35% and +0.35% must be greater than or equal to 0.05 times the initial gradient value of the 

structural module at the 1st loading cycle (see Fig. 4(c)).  

The magnitude of energy dissipation can be calculated from the shaded area in Fig. 4(b). The K 

and K' values are taken based on the slope of the drift ratio value of 0.2% in the 1st cycle of the 3rd 
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phase [38], while the drift ratio at 3.5% in the third phase is the maximum drift for calculating energy 

dissipation. Therefore, testing at a drift ratio of 0.2% must be carried out carefully and cautiously, 

because it will determine two parallelograms, namely parallelograms ABCD and DFGA (see Fig. 4(b)) 

as well as the basis for calculating column energy dissipation. 

The experimental data from this research were all converted to a daTabase. It is in the form of 

thousands of data with X and Y coordinates. For instance, data Xi, Xi+1, and Yi, Yi+1 is taken, then the 

dissipation area Zi+1 can be calculated using the following equation: 

Dissipation area 1 1
1

(X ) ( )

2

i i i i
i

X Y Y
Z  



  
   (2) 

According to ACI 374.1-05 [38], the conditions that need to be explained/anticipated are that for 

specimens tested with cyclic loads, it is required that they do not experience strength degradation, 

where this condition can occur if the peak force value (Ph) on the specimen is less than 75% of the 

maximum lateral load value (Emax). This condition will affect the steepness of the drift value and the 

load after the peak force. 

   

(a) Quantities used in evaluating acceptance criteria     (b) Shaded area represents the relative energy dissipation 

ratio of the two parallelograms, ABCD and DFGA 

 

(c) Unacceptable hysteretic behavior 

Fig. 4. Criteria according to ACI 374.1-05 [38]. 

2.4 Column Ductility 

Based on FEMA 356 Tab. 6.6 [39], the displacement ductility criteria are: 

(1) Low ductility demand: μ < 2 

(2) Moderate ductility demand: 2 ≤ μ ≤ 4 
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(3) High ductility demand: μ > 4 

The displacement ductility value is obtained using the equation: 

/u y      (3) 

Determination of the 1st yield point can be measured based on the measurement results from the 

strain gauge installed on the main reinforcement, but some researchers practically define this point 

based on Fig. 5. 

 

Fig. 5. Definition of yield displacement [40,41]. 
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Fig. 6. Actual test setup and drift that 

occurred during testing. 

Fig. 7. Schematic test setup [44-46] adapted to the laboratory 

conditions, 1-5 = LVDT (linear variable displacement transducer), 

6 = single-acting hydraulic jack, 7 = single-acting load cell, 8 = 

double-acting load cell, 9 = double-acting hydraulic jack, = 

quasi-cyclic load direction. 

The quasi-cyclic test result data from phase 0 to the final phase (the condition of the test 

specimen has collapsed) is depicted in a 2D curve, then the envelope curve is depicted from this 

image, and the value of the 1st displacement yielding point y can be practically determined. 

Determination of the 1st displacement yielding point y can be obtained by drawing a horizontal line 

0.75Ph-max to the right intersecting the envelope curve to obtain Point a. Then draw a straight line oa 

intersecting the horizontal line Ph-max to obtain Point b. Thereafter, draw a vertical line down to obtain 

the value of y, while the ultimate displacement value is based on a decrease in strength of 20%, 

namely 0.80Ph-max [42]. The method is to draw a line from 0.80Ph-max to the right and intersect the 

envelope curve line to find Point b, from Point b then draw a vertical line down to obtain the 
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displacement limit value (ultimate displacement-u). 

In addition, drift () can be understood in general as a function of several parameters and can be 

simplified that  = f(load, element length, moment, elastic modulus, and moment of inertia) [43], 

meaning that in this case, the existing structural cross-section can have its moment of inertia (I) value 

increased without changing the area and size of the cross-section. The moment is Ph.L, so that due to 

changes in the inertia of the cross-section there will be changes in the magnitude of deflection and Ph. 

2.5 Quasi-Cyclic Test Setup 

Measurement data related to energy capacity and column ductility are attempted to be recorded 

as well as possible. This aims to ensure that data processing and analysis are sufficient to support the 

validity of the analysis of energy capacity and column ductility. Therefore, a representative test setup 

is required according to the loading protocol [38] as shown in Figs. 6 and 7. 

  

(a) Column 1                         (b) Column 2 

  

(c) Column 3                      (d) Column 4 

 

(e) Column 5 

Fig. 8. Relative energy dissipations. 
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3 Results and Discussion 

3.1 Seismic Energy Dissipation Measurement of Column Specimens 

Energy dissipation measurements are adjusted to the ACI 374.1-05 [38] criteria, which is based 

on the drift ratio at conditions of 0%–3.5%. Thus, the drift ratio > 3.5% is not depicted. Therefore, 

this measurement data only shows the relationship between the drift ratio of 0% to 3.5% vs. lateral 

load (Ph), and the story drift of 3.5% is taken in the 3rd cycle which is represented by the red line 

hysteretic loop, while the drift ratio of 0%–3.5% in the 2nd phase is represented by the blue strip lines. 

The results can be seen in Fig. 8. 

Based on Fig. 8, the relative dissipation energy can be calculated in the form of an area (abscissa 

times ordinate) limited by the red line CHGI, but in this case, the drift ratio value in percent units is 

converted back into a drift value in mm units, such that the multiplication of the abscissa and ordinate 

in kN.mm units can be obtained. The ideal energy dissipation area is limited by the dashed red line or 

in the form of the area of two parallelograms ABCD and DFGA. The condition for the acceptance of 

the relative dissipation energy in this study is controlled by a drift of no less than a drift ratio of 3.5% 

in the 3rd phase must meet three criteria (see Section 2.3). 

The calculation results as the basis for the acceptance of the three criteria [38] are as follows in 

Tab. 3. 

Table 3. Capability to withstand lateral forces as the fulfillment of Criterion 1 

Specimen ID 
0.75Ph-max (kN) Ph-3.5% > 0.75Ph-max (kN) 

Compression Tension Compression Tension 

Column 1 26.440 26.166 30.038 28.075 

Column 2 26.214 27.177 30.799 33.747 

Column 3 28.925 28.497 34.698 32.179 

Column 4 30.672 27.201 34.508 29.563 

Column 5 34.429 27.866 37.092 32.939 

Table 4. Relative energy dissipation ratio () as the fulfillment of Criterion 2 

Specimen ID 
Area of ABCD and DFGA 

(kN.mm)  

Area of CHGI 

(kN.mm) 
 of each column 

Column 1 3482.811 1243.236 0.357 > 0.125 

Column 2 3624.798 758.190 0.209 > 0.125 

Column 3 4357.093 744.206 0.171 > 0.125 

Column 4 4143.939 746.526 0.180 > 0.125 

Column 5 4469.651 824.845 0.185 > 0.125 

Table 5. Gradient hysteresis loop limited by drift ratio limit -0.35% and +0.35, as the fulfillment of Criterion 3 

Specimen ID 
Gradient of hysteresis loop 

Compression Tension Average 

Column 1 0.113 > 0.05 0.090 > 0.05 0.102 > 0.05 

Column 2 0.132 > 0.05 0.125 > 0.05 0.128 > 0.05 

Column 3 0.065 > 0.05 0.060 > 0.05 0.062 > 0.05 

Column 4 0.066 > 0.05 0.053 > 0.05 0.059 > 0.05 

Column 5 0.051 > 0.05 0.060 > 0.05 0.055 > 0.05 

Table 6. Comparison of the values of each β to β of Column 1 

Specimen ID 
Area of ABCD and DFGA 

(kN.mm) 

Area of CHGI 

(kN.mm) 
 of each column 

Column 1 3482.811 1243.236 0.357 > 0.125 

Column 2 - 758.190 0.218 > 0.125 

Column 3 - 744.206 0.2317 > 0.125 

Column 4 - 746.526 0.2143 > 0.125 

Column 5 - 824.845 0.237 > 0.125 

Based on Tabs. 3 to 5, all test specimens have satisfied the requirements of the three criteria [38]. 
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In addition, if Column 1 is considered as a benchmark for acceptance for all test specimens, then it is 

still actually seen that the β value is > 0.125 for all test specimens (see Tab. 6). However, the increase 

of the AAC size in Column 5 by 200 mm, or the same as the initial size of Column 1 is considered to 

be the maximum. This can be seen from the gradient hysteresis loop value which is approaching the 

value of 0.05. 

3.2 Column Ductility 

The envelope curve of the hysteresis loop shown here is the relationship between Ph (kN) and 

drift ratio (%) [47] starting from 0% until the column collapses according to Tab. 2. This is expected 

to be able to gain an idea of the value of 0.8Ph-max (a decrease in strength of 20%) after the peak load 

[42]. This must be carried out as the basis for calculating the ductility of the column. The results are 

given in Fig. 9. 

3.3 Lateral Force (Ph) 

Based on the design where an attempt is made to increase the moment of inertia of the column, 

due to the presence of the infilling AAC, Tab. 7 displays the data of the magnitude of Ph according to 

the changes in cross-section. 

The capability of the column to absorb seismic energy is represented in Fig. 9 (red line CHGI) 

and Tabs. 7 and 8, where the size can be calculated as the area of CHGI by multiplying the abscissa 

times the ordinate [48]. The result of the multiplication is the capability to dissipate seismic energy. 

This energy can counteract earthquake force, and can also be used as a mainstay to support the safety 

of the structural column, such that the safety of dwellers of the building can be assured. 

Table 7. Column lateral force 

Specimen ID 
Lateral force Ph-max (kN) 

Compression Tension Average 

Column 1 35.253 34.889 35.071 

Column 2 34.952 36.236 35.594 

Column 3 38.566 37.995 38.281 

Column 4 40.896 36.268 38.582 

Column 5 45.905 37.155 41.530 

Table 8. Column ductility 

Specimen ID 
Gradient of hysteresis loop Criteria according 

to FEMA [39] Compression Tension Average 

Column 1 5.742 5.304 5.523 > 4 High ductility 

Column 2 4.672 3.763 4.218 > 4 High ductility 

Column 3 7.231 5,224 6.228 > 4 High ductility 

Column 4 6.731 7.430 7.080 > 4 High ductility 

Column 5 9.088 9.482 9.285 > 4 High ductility 

The size of the CHGI area can vary because it depends on the height of Ph (kN) times the length 

of the drift (mm). In certain cases with several areas that are almost the same, it can come from 

different Ph and drift, it can be a high Ph-max or a large drift, a larger drift is more beneficial in its 

effect on column ductility. 

In this study, the areas of CHGI of Columns 2 to 5 indicate that the energy dissipation areas are 

almost the same as each other, but the drift values are more varied and larger than the drift of Column 

1. This causes a greater ductility value, if the displacement value at the 1st yield is small, then this 

ductility value is even smaller. The smaller the first yield displacement value indicates that the 

column is getting stiffer. This stiffness is also caused by the concrete restraint (Zm). In this case, the 

confinement of the column without AAC is represented by the X and Y stirrups which are all 

two-legged, whereas in columns with AAC, the X stirrups are four-legged and the Y stirrups are 

two-legged. Thus, in this case, they cause the Zm confinement value to be smaller. The smaller the Zm 

value, the more ductile the column is.  

The moment of inertia due to the separation of the column which was filled with the AAC 
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between the columns, also caused an increase in the moment of inertia. This indirectly also affected 

the increase in the lateral force resisted by the columns (see Tab. 7) and the capability of the column 

to perform a more ductile displacement beyond its inelasticity (see Tab. 8). 

 

(a) Column 1                             (b) Column 2 

 

(c) Column 3                            (d) Column 4 

 

(e) Column 5 

Fig. 9. Envelope curves from hysteresis loops. 

3.4 Cracking of Column Specimens 

Based on the initial design, flexural failures are expected to occur in the column specimens. The 

results indicated that all test specimens experienced flexural failures, where the damage 

concentrations were not too long. The crack path also looks horizontal (characteristic of flexural 

cracks) not oblique cracks (characteristic of shear cracks). The length of the damage also tends to be 

short, around 100 to 150 mm, meaning that the length of this plastic hinge is influenced by the 

flexural force. The appearance of cracks in each test specimen is shown in Fig. 10. 
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 (a) Column 1 (b) Column 2 

                   

 (c) Column 3 (d) Column 4 (e) Column 5 

Fig. 10. Column cracks and plastic hinges occurred in the range of 100 to 150 mm. 

4 Conclusions 

Basically, the capability to dissipate seismic energy aims to serve as a guarantee of safety for 

dwellers of buildings, namely when the structure has decreased in strength after peak loads. This 

guarantee has been governed in ACI 374.1-05 in three criteria. This study proposed the use of AAC as 

infilling material in column cross sections. Several AAC sizes have been introduced in the study. The 

results indicate that most have satisfied the three criteria. Even in this study, energy dissipation was 

also compared to the ideal energy dissipation of Column 1 (area of Column 1 tier row), the results of 

all test specimens still satisfied the acceptance requirements. To strengthen the results of this study, 

the ductilities of all column specimens were observed and it turned out that all test specimens had 

reached high ductilities. Thus, this ductility achievement has strengthened the acceptance 

requirements of the column specimens. 

This study limits the size of the AAC to be the same as the initial size of the column 

cross-section, which is 200 mm. This is limited such that the column does not behave as an infilling 

AAC wall in the concrete frame since the column in this study has been designed to fail in a flexural 

manner. All test column specimens failed in flexure (none has failed in shear). 
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