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Abstract 

This study examines the mechanical behavior of structural lightweight aggregate concrete (LWAC) through uniaxial, cyclic, 
and biaxial compressive testing on cubic specimens at the macro level. The research focuses on mapping the biaxial failure 
stress envelope in the compression–compression domain and calibrating the Kupfer and Gerstle biaxial failure criterion 
specifically for LWAC, enabling its application in numerical simulations. A quadratic failure model is also proposed to predict 
LWAC’s biaxial failure stress envelope. In addition, uniaxial cyclic compression tests were performed, allowing the determina-
tion of the cyclic stress–strain relationship and the calculation of the elastic damage index for LWAC under repeated loading. 
Tests on cylindrical and prismatic specimens further explored how increased uniaxial compressive strength influences key 
mechanical properties, such as the elastic modulus, splitting tensile strength, modulus of rupture, and axial stress–strain 
response. The biaxial tests revealed that LWAC has a biaxial compressive strength that is, on average, 21% greater than its 
unconfined uniaxial compressive strength at a stress ratio of 0.51 ( α = 0.51 ). The uniaxial cyclic tests show that LWAC experi-
ences less post-peak damage compared to normal-weight aggregate concrete (NWAC), with the residual strength-to-peak 
stress ratio ( σres/σpeak ) being 1.85 times greater in LWAC than in NWAC.

Highlights 

•	 The behavior of LWAC under cyclic loading was extended and compared with that of NWAC.
•	 A new equation was proposed for modeling LWAC under biaxial stresses and was compared with NWAC.
•	 The findings of the study contributed to the current database and were compared with existing models for LWAC.

Keywords  Lightweight aggregate concrete (LWAC), Mechanical properties, Cyclic compression behavior, Damage 
index, Biaxial behavior, Failure criterion

1  Introduction
Over the last two decades, there has been a growing 
trend toward the use of lightweight construction mate-
rials (Ibrahim et  al., 2020; Hamidian & Shafig, 2021; 
Lee et  al., 2022). In this regard, lightweight aggregate 
concrete (LWAC) offers numerous advantages over 
normal-weight aggregate concrete (NWAC), includ-
ing a high strength-to-weight ratio, reduced dead loads, 
improved seismic performance, and desirable thermal 
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and acoustic properties (Fořt et  al., 2024; Kumar et  al., 
2024). In recent years, the use of LWAC made from arti-
ficial lightweight aggregates, such as LECA (lightweight 
expanded clay aggregate), has grown significantly due 
to environmental considerations (Jo et  al., 2007). Given 
the differences between LWAC and NWAC, character-
izing the former’s behavior under various loading con-
ditions requires extensive experimental studies. Recent 
experimental attempts have focused on understanding 
the uniaxial behavior of different types of LWAC. Zhang 
and Gjorv (1991) investigated the uniaxial behavior of 
LWAC made from LECA and proposed relationships for 
predicting its elastic modulus and tensile strength. Bogas 
and Gomes (2013) studied the compressive behavior and 
failure patterns of structural LWAC, proposing a simple 
biphasic model for estimating its compressive strength. 
Cui et  al. (2012a, 2012b, 2012c) examined the influence 
of lightweight aggregate properties on LWAC’s mechani-
cal performance, proposing a new index to describe the 
shape specifications of lightweight aggregates. They also 
presented models to predict the stress–strain behavior, 
modulus of elasticity, etc. of structural LWAC. Dabbagh 
et  al. (2021) investigated the stress–strain relationship 
of all-LWAC made from scoria aggregates incorporated 
with nano-silica under compressive monotonic and 
cyclic loading, proposing a stress–strain model for this 
type of concrete.

Biaxial test results are crucial for designing struc-
tural members subjected to biaxial stress situations with 
various stress ratios, such as slabs, shear walls, and thin 
plates. Conducting biaxial tests for concrete is com-
plex and requires advanced facilities. Due to the limited 
biaxial test data for various types of concrete, many clas-
sical constitutive models calculate biaxial compressive 
strength by multiplying a coefficient by its uniaxial com-
pressive strength (He & Zhang, 2014; Quang et al., 2016; 
Xia & Li, 2011). To develop realistic constitutive mod-
els, the biaxial behavior of concrete must be studied by 
analyzing the biaxial failure envelope, which is strongly 
affected by the ratios of applied stresses (Chen & Leung, 
2014; Foltz et al., 2017; Golpasand et al., 2020; Ren et al., 
2008; Yoo et al., 2015).

Experimental research on the biaxial behavior of dif-
ferent types of LWAC is limited compared to NWAC. 
In early biaxial studies on LWAC, Niwa et  al. (1967) 
and Taylor et  al. (1972) concluded that the maximum 
compressive strength in biaxial tests occurs when the 
applied stress ratio is equal to 0.8. However, they dis-
agreed on the biaxial failure envelope of LWAC. Atan 
and Slate (1973) conducted biaxial tests on two types 
of LWAC and concluded that the biaxial failure enve-
lopes of LWACs and NWAC are generally similar. They 
also found that the highest compressive strength of 

LWAC specimens in biaxial experiments occurs when 
the stress ratio is in the range of 0.4 to 0.5. Hussein and 
Marzuk (2000) investigated the behavior of four types 
of concrete (NWAC, high-strength NWAC, ultra-high-
strength NWAC, and high-strength LWAC) under 
biaxial loading. Their results indicated that the maxi-
mum biaxial compressive strength for all types of con-
crete took place at a biaxial stress ratio of 0.5. Liu and 
Song (2010) conducted multiaxial tests on NWAC and 
LWAC specimens made of natural lightweight aggre-
gates. Their results showed that the maximum biaxial 
compressive strength for all specimens took place at a 
biaxial stress ratio of 0.5, which was about 28% greater 
than their uniaxial counterpart. Ren et al. (2018) tested 
LWAC specimens in biaxial compressive situations with 
full and local loading manners, indicating that the biax-
ial compressive strength and failure modes of LWAC 
under various loading conditions differ significantly.

1.1 � Novelty and Contribution
Despite extensive research on LWAC’s mechanical 
properties, few studies examine LWAC made from 
LECA under uniaxial cyclic and biaxial loading with 
varying stress ratios. Biaxial studies are limited by 
testing complexities, costly facilities, size effects, and 
varying concrete strengths (the latter two being the 
limitations of the current study). Accurate structural 
design under such loading conditions requires realistic 
constitutive models, which depend on sufficient experi-
mental data. In the current study, the biaxial behavior 
of structural LWAC made by LECA was investigated by 
conducting biaxial compressive tests on cubic speci-
mens under various stress ratios. Based on the biaxial 
test findings, the focus has been on modifying Kup-
fer and Gerstle’s biaxial failure criterion (1973) equa-
tion for LWAC and characterizing the damage index. 
Therefore, biaxial tests were conducted with specific 
load proportions to obtain the complete curve in the 
two-dimensional stress space. In addition, a simple 
quadratic failure criterion was proposed to predict the 
biaxial failure–stress envelope of LWAC. Furthermore, 
uniaxial tests on cylindrical and prismatic specimens 
were conducted to study the effects of increasing uni-
axial compressive strength on the basic mechanical 
behavior of LWAC, such as elastic modulus, stress–
strain curve, modulus of rupture, and splitting tensile 
strength. The uniaxial cyclic behavior of LWAC was 
also investigated by performing cyclic compressive tests 
on LWAC specimens and comparing them to NWAC. 
Finally, the progressive damage of LWAC in compres-
sive cyclic response was analyzed using the elastic dam-
age index for both types of concrete.
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2 � Experimental Procedure
2.1 � Mix Design
The study employed high-quality river sand with a par-
ticle size limit of 4.75  mm; LECA as the lightweight 
coarse aggregate, and Portland cement (type II) in the 
LWAC mix designs. The fine aggregates had a water 
absorption ratio of 3.2% and a fineness modulus of 2.92. 
The specifications of LECA used in the current study 
(as shown in Fig.  1a, b) are summarized in Table  1. A 

polycarboxylate-based superplasticizer additive was used 
in LWAC mixing designs to obtain the required work-
ability. The mix proportions for the 1 cubic meter LWAC 
mixes are detailed in Table 2.

Table 2 shows the four different mix designs of LWAC, 
named S1, S2, S3, and S4, considered in this study. For 
uniaxial tests, 12 cylindrical specimens with dimensions 
of 150 × 300  mm and 3 prismatic specimens measur-
ing 500 × 100 × 100  mm were prepared from each mix 

Fig. 1  a LECA used in the current study, b gradation curve of aggregates, c curing the specimens underwater

Table 1  Physical properties of LECA

Aggregate size (mm) Water absorption (%) Density ( kg/m3)

Minimum Maximum 1/2 h 1 h 4 h 24 h Dry Bulk Loose Rodded

2.5 9.5 7.29 8.17 9.01 10.95 491 329 693.8 776.1
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design. In addition, 28 cubic specimens with dimensions 
of 70 mm were prepared from mix design S1 to investi-
gate the uniaxial cyclic compression behavior and biaxial 
behavior of LWAC. The curing of the specimens under-
water is shown in Fig. 1c.

2.2 � Test Procedure
2.2.1 � Uniaxial Testing
The fundamental mechanical properties of LWAC, 
splitting tensile strength, compressive strength, modu-
lus of rupture, and elastic modulus for each concrete 
mixture were measured using a 1000 kN universal test-
ing machine. The uniaxial compressive strength and 
modulus of elasticity tests were performed on cylindri-
cal specimens at a loading rate of 0.25  MPa/s (ASTM 
C469, 2014; ASTM C39, 2024). Splitting tensile strength 
was also determined on these cylindrical specimens fol-
lowing ASTM C496 (2017). Modulus of rupture was 
assessed using a 4-point flexural test on prismatic beams 

at a loading rate of 0.05  MPa/s, as outlined in ASTM 
C78 (2018). Finally, cyclic uniaxial tests were conducted 
on cubic specimens from mix design S1 at a displace-
ment rate of 0.1  mm/min. To record displacement and 
increase measurement accuracy, an extensometer with 
a short gauge length was used. In the loading protocol 
for cyclic compression tests (Fig. 2), the return displace-
ment was set to approximately 70% of the maximum dis-
placement value of the prior cycle to ensure the stress 
reached nearly zero during the unloading phase of each 
cycle. To achieve stress (σ) and strain (ε) in uniaxial cyclic 
compression tests, displacement and force data were 
recorded using the extensometer and load cell (with an 
accuracy of 0.5%), respectively.

2.2.2 � Biaxial Compressive Testing
Cubic specimens cast from mix design S1 were subjected 
to biaxial loading according to Fig. 3. Loads were applied 
on cubic specimens in two independent orthogonal 

Table 2  Mix proportions of LWAC specimens

Mix design No LECA ( kg/m3) Sand ( kg/m3) Cement 
( kg/m3)

Water ( kg/m3) Additive ( L/m3) Water-to-
cement 
ratio

S1 490 845 340 170 0.85 0.5

S2 440 845 400 180 1.70 0.45

S3 395 855 460 184 2.30 0.4

S4 370 855 520 182 3.12 0.35

Fig. 2  Loading protocol of the uniaxial cyclic compression test
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directions using two horizontal servo-controlled actua-
tors with a capacity of 500 kN each. The actuators were 
controlled by software capable of applying loads individ-
ually or simultaneously based on the defined protocols, 
and could alter the protocols during the test if needed. 
A self-aligning head with platen was attached to each 
actuators, to apply uniform stress onto the surfaces of 
the specimens and increasing the accuracy of loading. 
The loads and displacement values were recorded by load 
cells with a precision of 0.1% and a magnetic linear posi-
tion transducer with a precision of 5  μm, respectively. 
The loading protocol for biaxial tests is shown in Fig. 4. 
Both actuators exert forces in a force-controlled manner 

(at a loading rate of 0.25 MPa/s) on the specimen up to 
a user-defined value that is equal to the confining stress 
applied to the specimen in each test ( σ2 ) or point A in 
Fig.  4. Thereafter, the force of actuator 2 is fixed at the 
specified value. Finally, actuator 1 alters the loading pro-
tocol and applies displacement (at a displacement rate of 
0.1 mm/min) until failure occurs. The failure stress is the 
peak stress attained as biaxial compressive strength ( σ1 ) 
in the corresponding confining stress value that is equal 
to point B in Fig.  4. One of the key parameters used in 
concrete failure criteria is the coefficient obtained by 
dividing the equi-biaxial compressive strength from biax-
ial tests by its uniaxial compressive strength (Dong et al., 

Fig. 3  Biaxial test setup a schematic, b, c actual setup
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2016). For equi-biaxial tests, the loads in both directions 
were increased in a displacement-controlled manner 
(at a displacement rate of 0.1  mm/min) until failure. In 
all biaxial tests, the specimen surface in the third direc-
tion was always under free stress conditions. All biaxial 
tests were performed under the stress conditions σ1 ≥ σ2 , 
where compressive stress was considered positive. To 
decrease the effects of friction, thin layers of friction-
reducing Teflon were placed between the surfaces of the 
specimens and the loading heads of the actuators.

3 � Results and Discussion
3.1 � Uniaxial Mechanical Testing
The results of uniaxial tests conducted on specimens 
from four different mix designs are presented in Table 3. 
The results include the values for three specimens for 
each test per mix design as well as the averages over these 
three specimens. As shown in Table  3, the compressive 

strengths of the specimens under uniaxial loading ranges 
from 30 to 50  MPa, and the apparent density ranges 
from 1794 to 1915 kg/m3. This indicates that all four mix 
designs can be classified as structural LWAC.

Table  2 outlines the mix proportions for designs S1 
to S4. As the mix number increases, cement content 
rises while the water-to-cement ratio and LECA vol-
ume decrease. This adjustment is beneficial as the mor-
tar matrix is stronger than the lightweight aggregate. By 
reducing water–cement ratio, increasing cement, and 
decreasing LECA, the concrete’s fundamental proper-
ties are enhanced (Lo et al., 2007). Consistent with this, 
uniaxial compressive strength increases from S1 to S4. 
Increase in compressive strength is accompanied by 
increases in splitting tensile strength, modulus of rup-
ture, and elastic modulus.

The results in Table  3 indicate that the splitting ten-
sile strength and modulus of rupture of the LWAC 
mix designs are about 7–8.5% and 10–12.5% of their 
corresponding uniaxial compressive strength val-
ues, respectively. The specific strength, defined as the 
strength-to-density ratio of concrete, is also shown in 
Table  3. The specific strength indicates the concrete’s 
bearing capacity per unit weight (Yu et al., 2019). In the 
current study, the specific strength of LWAC increased 
from 16.24 × 10−3 to 26.03× 10−3 MPa/kg/m3 for mix 
designs S1 to S4, meaning the strength per unit weight 
of mix design S4 is significantly improved compared to 
mix design S1 (about 60%). However, the production 
cost ratio to the specific strength of mix designs can be 
a fundamental parameter for economic comparison and 
judgment.

Fig.  5 presents the uniaxial stress–strain curves for 
the tested specimens. The decreasing part of the stress–
strain curve in the post-peak region does not accurately 
represent the properties of the concrete material because 
it is influenced by the test conditions (Cui et al., 2012a). 

Fig. 4  Schematic loading protocol of biaxial tests

Table 3  Summary of results for mechanical tests conducted on LWAC specimens

Mix design No S1 S2 S3 S4

Compressive strength (MPa) 28.46 29.14 30.75 35.70 36.78 37.35 41.18 42.69 42.81 48.12 50.67 50.73

Average 29.45 36.61 42.56 49.84

Modulus of rupture (MPa) 3.49 3.71 3.76 3.87 3.96 4.11 4.59 4.67 4.80 5.11 5.13 5.76

Average 3.66 3.98 4.69 5.34

Splitting tensile strength (MPa) 2.42 2.46 2.65 2.82 2.91 2.95 3.22 3.25 3.29 3.32 3.58 3.69

Average 2.511 2.896 3.255 3.530

Apparent density ( kg/m3) 1783 1798 1801 1823 1837 1839 1855 1862 1870 1903 1913 1929

Average 1794 1833 1862 1915

Specific strength ( 10−3MPa/kgm−3) 15.96 16.21 17.07 19.58 20.02 20.31 22.20 22.93 22.89 25.29 26.49 26.30

Average 16.41 19.97 22.67 26.03
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Therefore, only the pre-peak regions of the stress–strain 
curves of specimens shown in Fig.  5 are valid and ana-
lyzed. The elastic modulus is perhaps the second most 
important mechanical property of concrete (Dadmand 
et  al., 2023a, 2023b; Pourbaba et  al., 2018). The secant 
elastic modulus is determined according to ASTM C469 
(2014).

Based on the stress–strain diagrams in Fig.  5, the 
elastic modulus and the strain at peak stress of LWAC 
specimens were calculated and are summarized in 
Table  4. The results show that increasing the uniax-
ial compressive strength from 29.45 to 49.88  MPa in 
mix designs S1 to S4 leads to an increase in the elas-
tic modulus from 14 to 19 GPa. In general, the elastic 

modulus of LWAC is less than that of NWAC. A low 
elastic modulus in LWAC allows for greater absorption 
of small deformations induced by shrinkage, leading 
to reductions in internal stresses and the formation of 
microcracks.

Comparing the stress–strain curves plotted in 
Fig.  5 shows that with an increase in the strength 
of LWAC, the ascending region of the stress–strain 
curve becomes more linear, indicating that the con-
crete behavior becomes more brittle. In addition, the 
strain at peak stress of LWAC specimens increases, and 
the descending region of the curve following failure 
becomes steeper as the strength increases.

Fig. 5  Typical stress–strain curves of 4 series of LWAC mix designs

Table 4  Summary of the elastic moduli test results concluded from the stress–strain curves

Mix design type S1 S2 S3 S4

Modulus of elasticity (MPa) 13.79 14.03 14.15 15.04 15.67 15.88 16.68 17.42 17.56 18.94 19.01 19.14

Average 13.99 15.53 17.22 19.03

Peak strain (μ ε) 2580 2746 2759 2997 3077 3154 3340 3401 3585 3257 3439 3492

Average 2695 3076 3442 3396
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3.2 � Comparison of Uniaxial Test Results with Relevant 
Codes of Practice and Equations

Various equations have been proposed by building codes 
and previous researchers to estimate the aforemen-
tioned classic mechanical properties of LWAC. Some of 
these proposed equations are presented in ACI 363R-10 
(2010). Table 5 presents the equations provided by build-
ing codes and previous researchers, including ACI 318 
(2019), CEB–FIP (2013), Eurocode 2 (2005), AS 3600 
(2009), CSA (2014), Slate et  al. (1986), and Ahmad and 
Shah (1985).

In Table 5, Ec is the elastic modulus, fct or fctm is the 
splitting tensile strength and fr is the modulus of rup-
ture of LWAC. fc′ and ρ denote the uniaxial cylindrical 
compressive strength and apparent density of concrete, 

respectively. h or hb is the height of the used specimens 
in the modulus of rupture tests. In addition, Afl is the 
parameter used to calculate the modulus of rupture in 
the CEB–FIP (2013) Code relationship. To account for 
the effect of lightweight aggregates used in the concrete,� 
or η1 have been used in equations as reduction factors for 
LWAC.

Table  6 compares the experimental results for elas-
tic modulus, modulus of rupture, and splitting tensile 
strength to those predicted by equations in Table  5. 
Ahmad and Shah’s equations (1985) shows close agree-
ment to experiment which indicates that their equation 
is reliable for estimating these properties in LWAC. Fur-
thermore, the splitting tensile strength results align well 
with the predictions provided by equations from ACI 318 

Table 5  Equations presented by design codes and researchers for LWAC​

Splitting tensile strength (MPa) Modulus of rupture (MPa) Modulus of elasticity (MPa)

ACI 318 (2019) fct = �
(

0.56
√

f ′c

)

� = 0.85
fr = �

(

0.62
√

f ′c

)

� = 0.85
Ec = 0.043ρ1.5

√

f ′c

CEB–FIP (2013)
fctm = η1

(

0.30
(

f ′c

)
2
3

)

η1 =
(

0.4+ 0.6 ρ
2200

)

fr =
fctm
Afl

Af 1 =
0.06hb

0.7

1+0.06hb
0.7

Ec = 21500
(

ρ
2200

)2
(

f ′c+8
10

)
1
3

Eurocode 2 (2005)
fctm = η1

(

0.30
(

f ′c

)
2
3

)

η1 =
(

0.4+ 0.6 ρ
2200

)

fr = 1.3fctm
Ec = 22000

(

ρ
2200

)2
(

f ′c+8
10

)0.3

AS 3600 (2009) fct = 0.36
√

f ′c fr =
(

0.6
√

f ′c

)

Ec = ρ1.5
(

0.043
√

f ′c

)(

f ′c ≤ 40
)

Ec = ρ1.5
(

0.024
√

f ′c + 0.12
)

 f ′c > 40

CSA (2014) - fr = �(0.6
√

f ′c)

� = 0.85
Ec =

(

3300
√

f ′c + 6900
) (

ρ
2300

)1.5

Slate et al. (1986) fct = 0.415
√

f ′c fr = 0.54
√

f ′c Ec =
(

3320
√

f ′c + 6895
) (

ρ
2320

)1.5

Ahmad and Shah (1985) fct = 0.46f ′0.55c fr = 0.38
(

f ′c

)
2
3 Ec = 3.385.10−5.ρ2.5.

(

f ′c

)0.325

Table 6  Experimental-to-estimated ratios of splitting tensile strength, modulus of rupture, and elastic modulus

ACI318
Test

CEB−FIP

Test

Eurocode2
Test

AS3600
Test

CSA

Test

Slateetal.
Test

Ahmad−Shah

Test

Splitting tensile strength S1 1.03 1.01 1.01 0.78 – 0.9 1.18

S2 0.99 1.03 1.03 0.75 – 0.87 1.15

S3 0.95 1.02 1.02 0.72 – 0.83 1.11

S4 0.95 1.06 1.06 0.72 – 0.83 1.12

Modulus of rupture S1 0.78 1.16 0.90 0.89 0.76 0.80 0.99

S2 0.80 1.23 0.97 0.91 0.78 0.82 1.05

S3 0.73 1.17 0.92 0.83 0.71 0.75 0.99

S4 0.70 1.16 0.91 0.79 0.67 0.71 0.96

Elastic modulus S1 1.27 1.59 1.55 1.27 1.22 1.21 0.99

S2 1.31 1.58 1.54 1.31 1.23 1.22 1.01

S3 1.31 1.53 1.49 1.29 1.20 1.19 1.00

S4 1.34 1.54 1.48 1.27 1.21 1.20 1.01



Page 9 of 17Ashrafi and Farzam ﻿Int J Concr Struct Mater           (2025) 19:43 	

(2019), CEB–FIP (2013), and Eurocode 2 (2005) for esti-
mating the splitting tensile strength of LWAC.

3.3 � Uniaxial Cyclic Compressive Testing
Fig.  6a shows the uniaxial cyclic stress–strain curve 
of LWAC from the uniaxial cyclic compression tests. 
The result is the average of three cubic specimens with 
dimensions of 70 mm from mix design S1. For compari-
son, Fig.  6b presents the uniaxial cyclic stress–strain 
curve of NWAC from Golpasand et al. (2020). The uni-
axial cyclic tests of NWAC were conducted using the 
same specimen dimensions, loading protocol, uniaxial 
compressive strength, and testing machine as those in the 
current study, as reported by Golpasand et al. (2020).

Table 7 summarizes the general results of the uniaxial 
cyclic compression tests of LWAC and NWAC where 
σpeak and εpeak are the peak compressive strength and 
the strain at the peak stress, respectively and E0 is the 

initial elastic tangent modulus. Table  7 also presents 
the values of residual strength (i.e., σres : the value of 
stress when the strain quantity is equal to 5εpeak ) and 
the residual-to-peak strength ratio ( σres/σpeak ) for 
both concrete types. A comparison of the σres of two 
concrete types indicates that the residual strength of 
LWAC is 30% greater than its NWAC counterpart. In 
other words, a comparison of the cycles in the post-
peak region of the cyclic stress–strain curves (Fig.  7) 
clearly shows that although the size of the loops 
decreases as the residual strength is approached in both 
types of concrete, the reduction in loop size is more 
pronounced in NWAC than in LWAC.

Progressive damage in concrete during cyclic compres-
sive loading, which induces degradation of the material 
(Golpasand et  al., 2020; Li et  al., 2017; Liew & Akbar, 
2020) can be quantified using the elastic damage index. 
The damage index (DI) for concrete, as defined by Chen 
et al. (2011), is the ratio of the loss in modulus to the ini-
tial modulus of the concrete, as shown in the following 
equation:

where E0 is the initial elastic tangent modulus and and Ed 
is the damaged tangent modulus of each cycle. Note that 
DI = 1 and DI = 0 illustrate full damage and no dam-
age of concrete, respectively. Fig. 8a shows the schematic 
definitions of E0 and Ed in the cyclic compression stress–
strain curve. Results of the calculation of DI values for 
both types of concrete are detailed in Table 8.

Comparing the cyclic stress–strain response of 
LWAC and NWAC in Fig. 7 shows that the rate of slope 

(1)DI = 1− Ed/E0

Fig. 6  Cyclic stress–strain curves a LWAC and b NWAC​

Table 7  Uniaxial cyclic compression test results of LWAC and 
NWAC​

Parameters/concrete type LWAC​ NWAC 
(Golpasand 
et al., 2020)

σpeak(MPa) 32.26 33.01 32.98 35.54

Average σpeak (MPa) 32.64 34.26

εpeak (μ ε) 2712 2867 2420 2640

Averageεpeak (μ ε) 2789 2530

Average σres (MPa) 1.77 1.17

σres/σpeak 0.063 0.034

E0(GPa) 13.95 17.85
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reduction of successive cycles in the post-peak region 
in the LWAC was less than those in the NWAC. This 
means LWAC experiences less damage compared to 
NWAC in successive compressive cycles generally. 
Fig. 8b compares the variation of DI value as a function 

of axial strain for both types of concrete under cyclic 
compression response. It is seen that in the LWAC and 
NWAC, the damage value increase with increasing 
axial strain, but the damage rate of the LWAC is lower 

Fig. 7  Comparison of stress–strain curves of LWAC and NWAC obtained from the uniaxial cyclic test

Fig. 8  a Schematic definitions of initial and damaged tangential moduli, b comparison of the variations of DI value as a function of axial strain 
for LWAC and NWAC​
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compared to the NWAC at all response of the cyclic 
compression.

The concept of energy absorption of concrete materi-
als is directly related to the progressive damage of con-
crete in the cyclic test and the area under the envelope 
curve in the post-peak region.

Fig.  9 compares the stress–strain envelope curves of 
the LWAC and NWAC under cyclic loading. As shown, 
the area under the cyclic envelope curve of LWAC is 
larger than that of NWAC, which indicates more energy 
absorption capacity of LWAC.

Table 8  Calculated DI values from cyclic stress–strain curves of LWAC and NWAC​

Concrete type LWAC​ NWAC​

Cyclic No σpeak(MPa) εpeak (μ ε) Ed(GPa) DI σpeak(MPa) εpeak (μ ε) Ed(GPa) DI

C-1 21.56 3552 13.08 0.010 32.73 2386 17.62 0.030

C-2 15.58 4003 11.80 0.154 11.05 4264 6.37 0.641

C-3 10.53 4867 6.65 0.523 7.75 5164 4.71 0.740

C-4 7.77 5651 4.98 0.643 5.05 6104 3.54 0.801

C-5 6.41 6435 4.22 0.697 3.88 7081 2.93 0.839

C-6 5.32 7280 3.76 0.730 2.92 8071 2.24 0.861

C-7 4.69 8067 3.46 0.752 2.3 8953 2.01 0.887

C-8 4.07 8890 3.33 0.761 1.76 9975 1.78 0.900

C-9 3.65 9699 3.22 0.769 1.51 10904 1.55 0.913

C-10 3.13 10512 2.78 0.801 1.34 11833 1.50 0.916

C-11 2.82 11321 2.37 0.830 1.16 12808 1.43 0.920

C-12 2.54 12000 2.24 0.839 1.10 13737 1.37 0.923

C-13 2.20 12844 2.06 0.852 – – – –

C-14 1.94 13622 1.84 0.868 – – – –

Fig. 9  Envelope stress–strain curves of LWAC and NWAC under cyclic compression
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3.4 � Biaxial Testing
Biaxial tests were performed on cubes specimens of 
LWAC from the mix design S1 with various stress ratios 
according to Fig. 4. The results of the biaxial experiments 
are presented in Table  9, in which σ2 is the confining 
stress applied to the specimen and σ1 is the peak stress 
attained as biaxial compressive strength in the corre-
sponding confining stress value. In Table 9, the confine-
ment stress effect indicated by α = σ2/σ1 where α = 0 
shows the unconfined uniaxial compressive strength of 
the cubic specimens (i.e., fcu ) and α = 1 represents the 
equi-biaxial compressive strength of the cubic specimens 
(i.e., fcc ). Table 9 includes the strains ε1 , associated with 
the peak stress, σ1 also.

The results consistently showed that LWAC’s biaxial 
compressive strength exceeded its uniaxial compressive 
strength under all stress ratios. This strength increased 
as the confining lateral stress was raised within the 
0 < α < 0.51 range. The maximum biaxial compressive 
strength (i.e., fbc ) is attained in condition α = 0.51 , which 
is 21% greater than fcu of the cubic specimen. In the equi-
biaxial compressive test (i.e., α = 1 ), the biaxial compres-
sive strength indicated a 14.5% increase in ana analogy 
with the uniaxial compressive strength. It means the key 

parameter of fcc/fcu is equal to 1.145 for LWAC (Ashrafi 
& Farzam, 2021).

Biaxial test results according to the literature for 
both NWAC and LWAC are listed in Table  10. Which 
include the values of equi-biaxial compressive strength 
( fcc ), maximum biaxial compressive strength ( fbc ) and 
the biaxial stress ratio ( α ) that the maximum biaxial 
compressive strength has occurred at it. The litera-
ture results in Table 10 show, in general, for both types 
of concrete, fcc and fbc are greater than the fcu . It is 
attributed to the role of confining stress in the biaxial 
tests. Previous studies (Chen & Leung, 2014; Dong 
et  al., 2016; Hampel et  al., 2009) have established a 
strong correlation between uniaxial and equal biaxial 
compressive strength in LWAC. In fact, these studies 
have demonstrated an inverse relationship, where an 
increase in uniaxial strength is typically accompanied 
by a decrease in equal biaxial strength (Hussein and 
Marzud, 2000).

Previous experimental research briefly show that the 
value of fbc for NWAC varies from 1.25fcu to 1.40fcu and 
occurs at the biaxial stress ratio of α = 0.43− 0.50 . In 
contrast, for LWAC, the value of fbc varied in the range 
of 1.24− 1.46fcu and is attained at the biaxial stress ratio 
of α = 0.25− 0.80 . It seems that there is an obvious 

Table 9  Summary of biaxial test results

σ2(MPa) Average σ2 (MPa) σ1(MPa) Average σ1 (MPa) α = σ2/σ1 Average α ε1 (μ ε) Average ε1 (μ ε)

0 0 31.55 32.51 0 0 2859 2880

0 32.86 0 2888

0 33.05 0 2893

3.22 3.56 34.82 36.40 0.092 0.100 2911 2994

3.90 35.97 0.108 3077

8.08 8.41 36.16 36.56 0.223 0.230 3289 3361

8.74 36.95 0.237 3433

13.33 13.44 37.27 38.36 0.358 0.350 3823 3905

13.55 39.45 0.343 3987

19.14 19.87 38.09 39.27 0.502 0.506 4203 4109

19.45 39.84 0.488 3967

19.82 38.81 0.511 4115

20.02 39.18 0.511 4097

20.90 40.43 0.517 4164

23.45 24.28 37.78 38.99 0.605 0.617 3873 3962

24.20 39.92 0.606 4031

25.19 39.27 0.641 3982

27.35 27.59 38.96 38.92 0.702 0.709 3845 3852

27.53 38.67 0.712 3889

27.88 39.12 0.713 3822

36.65 37.21 36.65 37.21 1.00 1.00 3227 3247

37.12 37.12 1.00 3241

37.86 37.86 1.00 3273
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disagreement between researchers for LWAC about 
the stress ratio that the maximum biaxial compres-
sive strength occurs at it. The literature results have 
also shown that the ratio of fcc/fcu varies in the range 
of 1.090–1.368 and 1.063–1.350 for LWAC and NWAC, 
respectively. The reason for the variation of biaxial test 
results in different researches is related to various influ-
ential factors on the multiaxial test results such as type 
of concrete, loading protocol, testing apparatus, measur-
ing techniques, and method of reducing friction effects 
between the loading platens of test apparatus and loaded 
surfaces of testing specimen (Shang & Ji, 2014).

3.5 � Failure Criteria for Biaxial Behavior of LWAC​
Various failure criteria were proposed for NWAC and 
LWAC under biaxial compression (Guo, 2004; Shiming, 
2013; Ren et al., 2018). One of the widely known classical 
biaxial failure envelopes for NWAC in the compression–
compression region was established by Kupfer and Ger-
stle (1973) based on their results of biaxial experiments 
[Eq. (2)]:

where fcu is the compressive strength of the cubic speci-
men under uniaxial loading. σ1 and σ2 represents the 

(2)
(

σ1/fcu + σ2/fcu
)2

+ a
(

σ1/fcu
)

+ b
(

σ2/fcu
)

= 0

biaxial compressive strength at various stress ratios and 
confining lateral stress, respectively. d and e are the coef-
ficients of the mathematical regression analysis of biaxial 
test data. The values of a and b parameters for NWAC 
were obtained −1.00 and −3.65 based on Kupfer and 
Gerstle (1973) biaxial test result. Based on LWAC biaxial 
test results, Eq. (2) can be established for LWAC by modi-
fying the parameters a and b. Conducting the mathemat-
ical regression analyses by applying Kupfer and Gerstle 
model equation [Eq. (2)] using LWAC biaxial test results 
of this study are concluded the values of a and b equal to 
−0.942 and −3.583, respectively.

In addition, the biaxial failure criterion for LWAC in 
the compression–compression region can be expressed 
as a quadratic function in the form of Eq. (3). This form is 
not implicit and is very simple (Yu et al., 2019):

(3)
(

σ1/fcu
)

= c + d
(

σ1/fcu
)

+ e
(

σ1/fcu
)2

Table 10  Analogy biaxial test data for LWAC and NWAC in experimental research

Concrete type fcu(MPa) fbc/fcu(α = σ2/σ1) fcc/fcu

Kupfer et al. (1969) NWAC​ 31.50 1.27 ( α = 0.50) 1.16

Hussein and Marzouk (2000) NWAC​ 42.70 1.31 ( α = 0.50) 1.19

High-strength LWAC​ 96.50 1.38 ( α = 0.50) 1.30

Li-Kun Qin (2003) NWAC ( W/C = 0.50) 34.20 1.33 ( α = 0.50) 1.19

Shang (2006) NWAC ( W/C = 0.45) 38.90 1.261 ( α = 0.50) 1.074

NWAC ( W/C = 0.55) 19.66 1.17 ( α = 0.50) 1.063

Wang and Liu (2006) LWAC​ 21.40 1.464 ( α = 0.25) 1.37

Liu and Song (2010) NWAC​ 20.00 1.40 ( α = 0.50) 1.35

Low-strength LWAC​ 16.68 1.28 ( α = 0.50) 1.27

Dong et al. (2016) NWAC​ 26.17 – 1.14

32.83 – 1.12

37.30 – 1.21

Ren et al. (2018) LWAC​ 23.99 1.427 ( α = 0.43) 1.163

Wang et al. (2019) NWAC​ 37.25 – 1.24

All-LWAC​ 46.35 – 1.09

Semi-LWAC​ 40.28 – 1.12

Golpasand et al. (2020) NWAC​ 33.76 1.25 ( α = 0.45) 1.138

Zhou et al. (2014) NWAC​ 47.14 1.394 ( α = 0.50) 1.213

Taylor et al. (1972) All-LWAC​ 34.47 1.29 ( α = 0.80) 1.16

Atan and Slate (1973) All-LWAC​ 18.21 1.24 ( α = 0.40− 0.50) 1.14

Semi-LWAC​ 19.22 1.28 ( α = 0.40− 0.50) 1.08

Current study Semi-LWAC​ 32.51 1.21 ( α = 0.51) 1.145

Table 11  Values of models’ parameters for LWAC under biaxial 
tests

a b c d e

−0.942 −3.583 1.01 0.559 −0.387
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where c, d, and e are the parameters that are obtainable 
by a regression analysis. Table  11 shows the value of c, 
d, and e for LWAC, and Table 12 summarizes the above-
mentioned biaxial failure envelope criterion for LWAC 
using the model parameters from regression analyses.

Fig.  10 shows the biaxial test data and compared the 
proposed failure criterion, modified Kupfer and Ger-
stle failure criterion for LWAC, and classic Kupfer and 
Gerstle (1973) failure criterion for NWAC. The results 

of Golpasand et  al. (2020) biaxial tests that were con-
ducted on NWAC specimens with the same apparatus 
and same loading protocols of the current study are also 
presented in Fig. 10. The NWAC specimens used in the 
Golpasand et al. (2020) tests are so similar to the speci-
mens of this study in dimensions and cubic uniaxial com-
pressive strength (cubic specimen with the dimension of 
70 mm and fcu = 33.76MPa ). In presenting the results of 
tests in Fig. 10, the principal stresses (i.e., σ1 and σ2 ) are 

Table 12  Proposed biaxial failure criterion for LWAC​

Model Failure criterion Concrete type

Kupfer and Gerstle (1973) (σ1/fcu + σ2/fcu)
2
−1.0(σ 1/fcu)− 3.65(σ 2/fcu) = 0 NWAC​

Modified Kupfer and Gerstle (σ 1/fcu + σ2/fcu)
2
− 0.942(σ 1/fcu)−3.583(σ 2/fcu) = 0 LWAC​

Proposed σ1/fcu = 1.01+ 0.559(σ1/fcu)− 0.387(σ1/fcu)
2 LWAC​

Fig. 10  Comparison of biaxial failure criteria in the compression–compression region for LWAC and NWAC​
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normalized by cubic uniaxial compressive strength (i.e., 
fcu).

Fig.  10 shows that the biaxial failure envelope of the 
LWAC based on the proposed quadratic model and mod-
ified Kupfer and Gerstle model is similar to the NWAC 
failure envelope. Although, the similarity of the modified 
Kupfer and Gerstle model to the NWAC failure envelope 
is more than the proposed quadratic model. The biaxial 
failure envelope of the LWAC through both failure cri-
teria is smaller than that of NWAC. A comparison of 
the biaxial test data for LWAC from this study with the 
results for NWAC reported by Golpasand et  al. (2020) 
reveals that LWAC generally has lower biaxial strength, 
with the exception of equi-biaxial compressive strength 
( fcc that is attained in stress ratio α = 1.0 ) that are 
approximately the same. This is because generally, the 
failure of NWAC takes place at the location of the inter-
face between the natural aggregates and mortar phase, 
whereas, in the LWAC, failure is characterized by the less 
strength of the lightweight aggregates phase.

4 � Summary and Conclusions
This study investigates the biaxial behavior of structural 
LWAC made from LECA under various stress ratios at 
the macro level. The Kupfer and Gerstle (1973) failure 
criterion was calibrated for LWAC, and a simple quad-
ratic criterion was proposed to predict its biaxial fail-
ure–stress envelope. In addition, the research examined 
how increasing uniaxial compressive strength affects key 
mechanical properties (elastic modulus, stress–strain 
curve, modulus of rupture, and splitting tensile strength), 
evaluated the uniaxial cyclic compression behavior using 
cubic specimens, and analyzed progressive damage 
through an elasticity damage index.

In summary, the principal findings are:

(1)	 The modulus of rupture and splitting tensile 
strength of structural LWAC specimens made from 
LECA are approximately 10–12.5% and 7–8.5% of 
their corresponding uniaxial compressive strength 
values, respectively.

(2)	 Residual-to-peak strength ratio ( σres/σpeak ) in 
LWAC is approximately 1.85 times that in NWAC.

(3)	 In both LWAC and NWAC, the damage index (DI) 
increases with increasing axial strain, but the dam-
age rate for LWAC is lower than for NWAC at all 
stages of uniaxial cyclic compression.

(4)	 The maximum biaxial compressive strength of 
LWAC is about 21% greater than its unconfined 
uniaxial counterpart, occurring at a biaxial stress 
ratio of α = 0.51.

(5)	 The biaxial failure–stress envelope in the compres-
sion–compression region of LWAC is similar to 
but smaller than the corresponding envelope for 
NWAC.

(6)	 The Kupfer and Gerstle (1973) biaxial failure cri-
terion was calibrated for LWAC by modifying the 
model’s material parameters based on LWAC biax-
ial test results.
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