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Abstract—Lightweight concrete (LWC) has become an 

outstanding material in the construction sector to conform non-

structural and structural members into buildings. Expanded clay 

aggregate is a special type of lightweight aggregate formed by 

heating clay with little lime content, having low unit weight, high 

durability, and mechanical strength. Despite the massive use of the 

expanded clay lightweight aggregate worldwide, their use in the 

Colombian context is still limited. This research reports the 

characterization of the behavior of lightweight concrete from 

Colombian expanded clay aggregates. Experimental tests on fresh 

and hardened state (compressive strength, apparent density, and 

chloride migration) were carried out on lightweight concrete 

added Colombian expanded clay aggregate. It was found that the 

inclusion of up to 50% of the Colombian expanded clay aggregate 

causes a 15% workability decrease, 36% compressive strength 

decrease, 22% apparent density decrease as well as 34% decrease 

in the chloride migration coefficient of the lightweight concrete. In 

the same way, the lightweight concrete added with 50% of 

Colombian expanded clay aggregate meets the lightweight 

concrete requirements prescribed by the ACI 318 building code in 

terms of compressive strength, and unit weight. From the results, 

it is concluded that the use of Colombian expanded clay aggregate 

added up to 50% by weight of conventional aggregate is feasible to 

manufacture structural lightweight concrete.  

 

Index Terms—Chloride penetration resistance, Colombian 

thermally expanded clay, Compressive strength, Concrete, 

Durability, Lightweight concrete (LWC), Mechanical properties.  

  

Resumen—El concreto liviano (CL) se ha convertido en un 

material destacado en el sector de la construcción para conformar 

elementos estructurales y no estructurales en las edificaciones. El 

agregado de arcilla expandida es un tipo especial de agregado 

liviano formado al calentar arcilla con poco contenido de cal, 

exhibiendo un peso unitario bajo, alta durabilidad y resistencia 

mecánica. A pesar del uso masivo del agregado ligero en todo el 

mundo, su uso en el contexto colombiano aún es limitado. Este 

estudio reporta la caracterización del comportamiento del 

concreto liviano adicionado con agregados de arcilla expandida 

colombianos. Se llevaron a cabo ensayos de laboratorio en estado 

fresco y endurecido (resistencia a la compresión, densidad 

aparente y migración de cloruros) del concreto liviano adicionado 
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agregado colombiano de arcilla expandida. Se encontró que la 

inclusión de hasta 50% del agregado colombiano de arcilla 

expandida causa en el concreto liviano reducción de 15% de la 

trabajabilidad, 36% de la resistencia a la compresión, 22% en la 

densidad aparente y 34% en el coeficiente de migración cloruros. 

Así mismo, el concreto liviano adicionado con agregado 

colombiano de arcilla expandida cumple los requisitos de concreto 

liviano prescritos en el reglamento de construcción ACI 318 en 

términos de resistencia a la compresión, y peso unitario. A partir 

de los resultados, se concluye que el uso del agregado de arcilla 

expandida de fuentes colombianas adicionado en hasta 50% por 

peso de agregado convencional es adecuado para la fabricación de 

concreto liviano estructural. 

 

 Palabras claves—Arcilla Colombiana expandida térmicamente, 

Concreto, Concreto ligero (CL), Durabilidad, propiedades 

mecánicas, Resistencia a la compresión, Resistencia a la 

penetración de cloruros. 

  

I. INTRODUCTION 

HE manufacture of lightweight aggregate concrete (LWC) 

using thermally expanded clays, has become a relevant 

alternative for building structures, due to its low density, 

good durability, and high strength [1]. Likewise, this kind of 

concrete has other advantages such as its high strength/weight 

ratio, lower coefficient of thermal expansion, and better tensile 

capacity [2]. However, in Colombian context the use of 

lightweight aggregate is limited, because its properties have not 

been studied enough. Furthermore, its cost is slightly higher 

than the commercial normal-weight aggregate (NWA) [1] [2]. 

For this reason, it is necessary to carry out research to 

characterize and describe the properties of Colombian 

thermally expanded clays for use as lightweight aggregate [3]. 

The applications of LWC have been mainly in high-rise 

buildings, shell structures, and long-span bridges; for this 

reason, its mechanical behavior has been widely studied [4]. 

However, the characterization of the durability behavior of 

LWC has been more difficult due to the multiple factors that 
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influence it, which include the type of lightweight aggregate 

(LWA), the type of cement, the exposure conditions, and the 

water content [5]. 

Lightweight concrete is a special type of concrete with low 

density and advanced insulation, produced mainly with 

lightweight aggregates or cellular matrix. Lightweight concrete 

has been used in civil construction for over 2000 years with 

widespread use in the last 100 years [6]. The main advantage of 

using lightweight concrete in structures is the reduction of its 

weight. In building and bridge design, this means a reduction in 

gravity loading and, in the seismic inertia mass, resulting in 

reduced structural member sizes and gravitational forces to the 

foundation [7]. Moreover, lightweight concrete has additional 

advantages, including lower transportation cost, better sound 

absorption capacity, better thermal insulation, and greater 

resistance to fire and frost attack. However, it has some 

disadvantages in terms of mechanical properties and durability 

[8].  

Currently, some studies have found advantages in the 

incorporation of lightweight expanded clay aggregate in 

construction.  In the study by Sravan, Manoj, and Rao [9], it is 

reported the lightweight expanded clay aggregate, is a special 

type of aggregate which is formed by heating clay with little or 

no lime content. This clay is dried, heated, and burned in a 

rotary kiln at a temperature of 1200 ° C. This process generates 

a gas that is released inside the granules and is trapped in them 

during cooling; the organic compounds are burned forcing the 

granules to swell, producing ceramic granules with a porous 

structure. This porous structure provides the material with 

lightweight and high resistance to crushing, as well as thermal 

and acoustic insulation. The spherical geometry of the granules 

is produced due to the rotation of the furnace [9]. In the study 

by Zukri et al [10], it is reported that this type of aggregate is 

commonly used in the manufacture of lightweight concrete. The 

lightweight expanded clay aggregate is found in sizes from 0.1 

mm to 25 mm and its apparent density from 250 kg/m3 to 750 

kg/m3. This study explains that this type of aggregate has 

specific properties that can be applied as a suitable material in 

structural and geotechnical applications. Additionally, 

lightweight expanded clay aggregate is reported to have been 

used successfully to produce lightweight concrete structures 

[10]. The study by Sharma et al [11] highlights that the 

manufacture of expanded clay is non-toxic and ecological in 

contrast to other compounds used in concrete. Thus, the use of 

this type of aggregate in concrete structures also contributes to 

environmental sustainability. 

The American Concrete Institute [12] establishes that the 

reference density for lightweight concretes should be between 

1440 kg / m3 and 1840 kg / m3, in turn, it establishes that the 

maximum compressive strength of light-weight concrete that 

can be used in design calculations structural is limited to 35 

MPa. It is also established that to calculate the tensile strength, 

compressive strength, and modulus of rupture of lightweight 

concrete, it is necessary to use the modification factor, which 

must be based on the composition of the lightweight aggregate 

in the concrete mix. When concrete with fine and coarse 

lightweight aggregates is used, the modification factor  will be 

0.75. When the concrete composition is light aggregate and fine 

mix, the modification factor ,  should be between 0.75 and  

0.85. When the concrete composition is light sand, the 

modification factor  will be 0.85. When the composition of the 

concrete is light sand and coarse mix, the modification factor , 

must be between 0.85 and 1.00. Finally, when the concrete is of 

normal-weight, the factor of modification  will be 1.00 [12].  

This modifying factor takes into account the reduced 

mechanical properties of lightweight concrete relative to 

normal - weight concretes of equal compressive strength. The 

inclusion of this factor  for lightweight concrete reflects its 

lower tensile strength, as well as the greater dispersion of 

mechanical resistance and brittleness [12]. This standard does 

not specify limits of the maximum water to binder ratio (w/b) 

for lightweight concrete, because the amount of water in the 

mixture that is absorbed by the light aggregates makes the 

calculations of the water – binder uncertain.  

On the other hand, the expanded clay aggregate is useful in 

the manufacture of foamed concrete, which can be described as 

a type of lightweight concrete, as indicated by Ahmad et al [13]. 

In that study, it is reported that foamed concrete consists 

primarily of Portland cement, a blowing agent, and aggregates. 

Among the foaming agents used to produce foamed concrete 

are detergents, resin soap, adhesive resins, saponin, and 

hydrolyzed proteins, such as keratin, and similar materials. The 

purpose of using a foaming agent is to introduce entrapped air 

into lightweight concrete. Within the civil works in which 

foaming concrete is used, there are load-bearing walls for low-

rise buildings and partitions. Lightweight aggregate foamed 

concrete can also be used for thermal insulation, vibration 

attenuation, and dead load reduction. Lightweight aggregate 

foamed concretes have densities from 300 kg/m3 to 1600 kg/m3 

and compressive strengths between 0.3 MPa and 30 MPa [13]. 

The main goal of this paper is to present the results of the 

preliminary characterization of the mechanical behavior and 

durability properties of lightweight aggregate concrete (LWC) 

from Colombian expanded clay. For this purpose, samples of 

normal-weight aggregate concrete (NWAC) and samples of 

lightweight aggregate concrete (LWAC) with different contents 

of expanded clay were manufactured. After that, some 

mechanical and durability properties of concrete samples were 

studied. Finally, some recommendations about use of 

lightweight aggregate from Colombian thermally expanded 

clay are provided.  

 

II. METHODOLOGY  

A. Raw materials  

Commercial general Use (GU type) hydraulic cement with 

a density of 3.02 g/cm3 according to standard ASTM C1157-20 

was used to produce all the samples [14]. The chemical 

composition of hydraulic cement is shown in Table I. 

TABLE I 

SPECIFICATIONS OF CEMENT 

Compound (%)  CaO SiO2 SO3 Fe2O3 Al2O3 MgO TiO2 K2O 
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GU Hydraulic 

Cement 
68.16 16.29 5.46 3.55 3.38 1.98 0.43 0.36 

Secondly, river aggregate was used as normal-weight 

aggregates (NWA). For the coarse aggregate, the specific 

gravity is 2.30 g/cm3 and the maximum nominal size is 12.7 

mm. In the case of fine aggregate, the sand has a specific gravity 

of 2.50 g/cm3 and a modulus of fineness of 2.90. The particle 

size distribution of normal-weight aggregate (NWA) is shown 

in Fig. 1 according to standard ASTM C-136 [15]. 

 

 

Fig. 1. Particle size distribution of normal-weight aggregates (NWA). 

Likewise, commercial thermally expanded clays from 

Colombian sources were used as lightweight aggregates 

(LWA). The lightweight aggregate used is according to the 

standard ASTM C330 – 17 [16]. Fig. 2 shows the appearance 

of the Colombian expanded clay aggregates used in this 

research.  

 
Fig. 2. Colombian expanded clay aggregates. 

 

For lightweight aggregates (LWA), the coarse aggregate has 

a specific gravity of 1.50 g/cm3 and a maximum nominal size 

of 12.7 mm. In the same way, the fine aggregate has a specific 

gravity of 1.60 g/cm3 and a fineness modulus of 3.10. The 

particle size distribution of lightweight aggregate (LWA) is 

shown in Fig 3 shows according to standard ASTM C136-19 

[15]. 

 
Fig. 3. Particle size distribution of the lightweight aggregates (LWA). 

B. Mixture proportions   

In this study, the mixture was designed according to 

guidelines of the standard ACI 211 [17] . First of all, the water 

to binder ratio (w/b) was 0.47 for all the mixes. Likewise, a 

constant binder to aggregate ratio of 1:2.75 was used. Finally, 

five different mixes were designed according to the lightweight 

aggregate volume replacements of 0.0%, 12.5%, 25.0%, 37.5%, 

and 50.0%. The mixture proportions of this research are 

presented in Table II. 

TABLE II. 

MIXTURE PROPORTIONS  

Id. 
Cement 

(kg/m3) 

Water 

(kg/m3) 

Normal-weight 

aggregate (kg/m3) 

Lightweight 

Aggregate (kg/m3) 

NWAC 536.5 260.2 1475.4 0.0 

LWAC1 536.5 260.2 1290.9 119.1 

LWAC2 536.5 260.2 1106.5 238.2 

LWAC3 536.5 260.2 922.1 357.3 

LWAC4 536.5 260.2 737.7 476.4 

 

C. Experimental methods 

First of all, the workability of fresh concrete was measured 

by the Abrams cone test according to ASTM C143 standard 

[18]. After that, compressive strength of concrete was measured 

in cylindrical molds with dimensions of φ100mm x 200mm 

according to the standard ASTM C39 [19]. The apparent 

density of concrete was measured on disk molds with 

dimensions of φ100mm x 50mm according to ASTM C642 

[20]. Finally, the chloride non-steady state migration coefficient 

of concrete samples was evaluated on disk molds with 

dimensions of φ100mm x 50mm according to the NT BUILD 

492 standard [21]. Three (3) samples were replicated for each 

mixture proportion, and all the samples were tested 28 days 

after casting and water curing. 
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III. RESULTS AND DISCUSSION  

A. Slump  

The results of slump test for each fresh concrete mix are 

shown in Fig. 4. In this case, the increase in the amount of 

lightweight expanded clay aggregate up to 50% in the concrete 

produces a 15% decrease in fresh concrete slump compared to 

concrete with normal-weight aggregate. This decrease is 

because the absorption of the lightweight expanded clay 

aggregate (LWA) is higher than that for the normal-weight 

aggregate (NWA), which reduces the slump of the fresh mix. 

According to the results showed in Fig. 4, it is evidenced that 

concretes with different percentages of lightweight expanded 

clay aggregate, LWAC1 (12.5%), LWAC2 (25%), LWAC3 

(37.5%), and LWAC4 (50%), show a reduction of 2%, 10%, 

16%, and 18%, respectively, in the degree of slump compared to 

normal-weight aggregate concrete NWAC.  

 

 

Fig. 4. Slump tests results for fresh concrete mixes. 

Fig. 4 shows as the percentage of lightweight expanded clay 

aggregate increases in the concrete, there is a reduction in its 

slump. This reduction is due to the water absorption capacity of 

lightweight expanded clay aggregates through their porous 

structure. This absorption causes less workability in concrete, as 

explained by the study carried out by Lee, Shafigh, and Bahri 

[22]. In that research, it is stated that the surface of the 

lightweight expanded clay aggregates is porous absorbs part of 

the water from the cement paste, reducing the workability of the 

concrete.  

Similarly, the study carried out by Wang [23] confirms that 

the decrease in the slump is related to the great water absorption 

capacity that the lightweight expanded clay aggregates have on 

the concrete mix. This phenomenon explains the reason why the 

workability of concretes with a lightweight expanded clay 

aggregate is reduced. Therefore, the author affirms that it is 

necessary to adopt a higher water content or the addition of a 

superplasticizer to maintain good workability. In turn, the study 

by Nahhab, and Ketab [24] confirms the high water absorption 

capacity of the lightweight expanded clay aggregate leads to the 

loss due to the slump of the fresh mixes. Further, the study by 

Vijayalakshmi, and Ramanagopal [25], supports the previous 

theories, stating that the value in the slump is affected by the 

porous structure of the lightweight expanded clay aggregates 

and their round shape. Finally, the study carried out by Ketab, 

and  Nahhab [26] confirms that the decrease in the slump of 

concretes with lightweight aggregate may be related to the 

spherical shape of the expanded clay aggregate.  

Another possible cause of the reduction of workability may 

be due to the size classification of the aggregates. According to 

the study by Chung, Elrahman, and Stephan [27], the size of the 

lightweight aggregates particles is a very important factor that 

affects the workability of concrete. The theory is confirmed by 

Chen, and Wu [28], who described the influence of the size of 

the lightweight aggregate influences on the slump of the fresh 

concrete mix; that study showed a 70% increase in workability 

when a particle size of 16 mm was used instead of particle size 

of 7 mm.  

In the present study, a slump value of 48 mm was measured 

when a normal-weight aggregate was used; after that, when the 

lightweight expanded clay aggregate with smaller particle size 

was included, the slump of fresh concrete mix decreased. This 

behavior is in accordance with the results obtained by Chia [29], 

because the inclusion of lightweight expanded clay aggregates 

in the concrete produces a small impact on the slump of fresh 

concrete. Additionally, in the study carried out by Heiza et al 

[30], a reduction of approximately 40% in the concrete slump 

was found, when the content of lightweight expanded clay 

aggregate was increased from 390 kg to 410 kg per m3 of 

concrete. Likewise, in the study by Abdeen, and Hodhod [31] a 

reduction in workability of 85% was found when fine and coarse 

aggregate was replaced with lightweight expanded clay 

aggregate with a particle size of 25 mm in the concrete. Finally, 

in the present study, it was found that the addition of up to 50% 

of lightweight expanded clay aggregate with a particle size of 

12.7 mm generates a reduction in the slump of 18%. The trends 

of reduction of concrete workability due to the increase of the 

content of lightweight expanded clay. 

 

B. Compressive strength 

In the case of compressive strength for each concrete mix at 

28 days, the increase in the amount of lightweight expanded 

clay aggregate up to 50% in the concrete produces a reduction 

in compressive strength up to 36% compared to normal-weight 

aggregate concrete (NWAC), as shown in Fig. 5. This reduction 

occurs because the strength of the normal-weight aggregate 

(NWA) is higher than the strength of the lightweight aggregate 

(LWA).  

According to Fig.5, the LWAC1, LWAC2, LWAC3, and 

LWAC4 samples, showed a decrease in their compressive 

strength of 13%, 29%, 26%, and 36%, respectively, compared 

to the normal-weight concrete. It is evident that as the content 

of lightweight aggregate in concrete increases, there is a 

progressive reduction in compressive strength. It is well known 

that the characteristics of the aggregate influence the 

compressive strength of concrete. The decrease that occurs in 

the strength of concrete with higher percentages of lightweight 

aggregate may be due to the low density of the lightweight 

expanded clay aggregate concerning the aggregate of normal-

weight. 
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Fig. 5. Compressive strength tests results for hardened concrete. 

According to Kumar and Pannem [32], the reduction in 

compressive strength can be explained according to Griffith's 

theory, which indicates that voids are decisive in the 

mechanical strength of concrete, because those voids are the 

source of stress concentration, so reducing voids could improve 

the packing density of particles. Single-size (spherical) particles 

tend to produce more voids, so the cement paste needed to fill 

these voids and the additional cement paste needed to produce 

fluency will be greater.  

As can be seen in Fig. 2, the Colombian expanded clay 

aggregates present a predominant spherical shape. This 

geometry in the aggregate could cause the presence of more 

voids in the concrete, obtaining a lower packing density. The 

study by Nahhab, and Ketab [24] supports this theory to assert 

that the reduction in compressive strength using lightweight 

expanded clay aggregate is related to the low volumetric density 

of this type of aggregate. In turn, the study by Sohel et al [6] 

maintains that the decrease in density of concrete with 

lightweight expanded clay aggregates influences the decrease 

in compressive strength. Similarly, the study by Vijayalakshmi, 

and Ramanagopal [25] explains the shape of the aggregate 

influences the packing density, the binding of the lightweight 

aggregate within the matrix, and the mechanical properties of 

concrete. The authors indicate the lightweight expanded clay 

aggregate has a lower shape index compared to the shape index 

of the angular shape aggregate, so concrete with high shape 

index aggregates has higher compressive strengths. 

Another possible cause of the reduction in compressive 

strength can be attributed to the heat treatment process of the 

aggregates; in its internal structure, a gas is formed as a result 

of various decompositions during the combustion process, 

which causes the structure of the lightweight expanded clay 

aggregate to become porous. Therefore, the volume of water 

absorbed by the pores of the aggregate is greater. This porosity 

may be directly related to the decrease in compressive strength 

of concrete with lightweight expanded clay aggregate [33]. 

According to Wu et al [34], the larger exposed pores on the 

surface of the expanded clay aggregate absorb more water from 

the mortar matrix during the mixing procedure. For that reason, 

the porosity characteristics and the shape of the particles of the 

lightweight expanded clay aggregate are influencing factors to 

determine the compressive strength of lightweight concrete. In 

the same way, Bogas, Carriço, and Pontes [35] indicate the 

porosity of the lightweight expanded clay aggregate and the 

decrease in the water to binder ratio influence the reduction of 

the compressive strength. Additionally, the decrease in the 

compressive strength of the concrete is attributed to the physical 

properties of the lightweight expanded clay aggregates, since 

they are less rigid than the surrounding cement paste. When 

these aggregates are subjected to the load test, cracks start 

around the particles, which accelerate failure in the matrix. On 

the other hand, normal-weight concrete fails in the interfacial 

transition zone between the cement paste and the aggregate 

[36]. For that reason, normal-weight aggregates are stiffer than 

cement paste and generate stress concentrations that initiate 

cracks at the interfaces of the aggregate and cement paste.  

 

Fig. 6. Relationship between slump and compressive strength 

 On the other hand, the decrease in compressive strength 

could be explained through the slump. Fig. 6 shows that the 

reduction in compressive strength is proportional to the 

reduction in the slump of fresh concrete because a reduction in 

slump causes a higher percentage of voids in the hardened 

concrete.  

Additionally, the maximum size of 12.7 mm of the 

lightweight expanded clay aggregate particles could be related 

to the decrease in compressive strength. Nahhab and Ketab [24] 

found that concrete with lightweight expanded clay aggregate 

with a maximum size of 10 mm, presented a better performance 

in its compressive strength compared to concrete with 

lightweight expanded clay aggregate of maximum sizes of 14 

mm and 20 mm. In the same way, Chen and Wu [28] found that 

lightweight expanded clay aggregate with a size of 11 mm has 

higher compressive strengths compared to concretes made with 

normal-weight aggregate.  

 The trends in compressive strength of lightweight concretes 

in the present study are consistent with the findings of previous 

research from Ahmadet al [13], Ketab and A. Nahhab [26], Dilli 

et al [37], Sonia and Subashini [38], Paul and Lopez [39], 

Kulkarni and Muthadhi [40], Sindhuja et al [41], Bhogayata et 

al [42], and Priyanga et al [43]. Therefore, it can be concluded 

that the characteristics of density, unit weight, porosity, water 

absorption, size, and shape of the lightweight expanded clay 

aggregate, are influencing factors on the mechanical properties 

of the lightweight concrete of Colombian expanded clay.  
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C. Apparent density 

 Fig.7 shows the Apparent density (ρapparent) test results for 

each hardened concrete at 28 days. The trend indicates that the 

increase of lightweight expanded clay aggregate generates a 

reduction up to 22% in the apparent density of the samples, 

because the density of the lightweight aggregate (LWA) is less 

than the normal-weight aggregate (NWA) density. Another 

possible explanation for the reduction in apparent density of 

lightweight concrete of Colombian expanded clay aggregate 

may be due to the highly porous structure of this type of 

lightweight aggregate [42]. 

 

Fig. 7. Apparent density test results for hardened concrete. 

Fig. 7 shows that as the dosages of lightweight expanded 

clay aggregate increase, greater porosity is generated in 

hardened concrete, causing a lower apparent density. This 

reduction is important because the use of these concretes allows 

to reduce the mass of the structures; It is known that lightweight 

concrete is generally used to reduce the dead load of the 

structures and the risk of earthquake damage, since the seismic 

forces that influence structures and buildings are proportional 

to the mass of these. Therefore, using this type of aggregate 

allows reducing the mass of the structure or building in 

reinforced concrete. Ünal et al [44] and Devecioglu, and Biçer 

[45] explain that reduced weight in the building allows a 

reduction in the cross-sectional areas of concrete elements and 

amounts of reinforcing steel. According to Ibrahim et al [46], 

the incorporation of lightweight expanded clay aggregate in 

concrete shows a better behavior under seismic load, compared 

to normal-weight concrete, since this kind of aggregate is 

flexible and has a reduced unit weight. Likewise, Monahan [47] 

reports the use of lightweight expanded clay aggregate in the 

design of pavements that are built on soft soils, allows obtaining 

a reduction of load generated to the soft soil layer.  

Another possible explanation for the decrease in apparent 

density of lightweight concrete of Colombian expanded clay 

aggregate may be due to the high temperatures used in the 

rotary kiln for the formation of expanded clay. According to 

Abdelfattah et al [48], when using temperatures above the 

pyroplasticity range, which are between 1050°C and 1100°C, in 

the clay sintering process, there is an increase in the density and 

pore size of the particles of expanded clay.  

In the same way, another possible cause of the reduction in 

apparent density is the spherical shape that predominates in the 

Colombian expanded clay aggregates and the sizes of similar 

diameter due to the closed gradation; these factors influence the 

presence of voids in the hardened concrete, causing a lower 

packing density and lower apparent density, according to Zukri 

et al [10]. Ming et al [49], found a 7% reduction in apparent 

density was obtained through the inclusion of lightweight 

expanded clay aggregate. Similarly, the research by Devecioglu 

and Biçer [45] found that the densities of concretes with 

dosages of 10% and 20% of lightweight expanded clay 

aggregate decreased 13.2% and 23.8%, respectively. 

Additionally, Salem et al [33] found that the apparent density 

of the concrete with lightweight expanded clay aggregate 

decreased from 2375 kg/m3 to 1978 kg/m3.  

For its part, the study by Ahmad et al [13] showed that the 

increase in the volume of lightweight expanded clay aggregate 

from 20.1% to 49.4% reduced the apparent density of concrete 

from 1352 kg/m3 to 788 kg/m3. Pradeep et al [50] observed that 

the density of the lightweight expanded clay aggregate is 

approximately 70% lower compared to the aggregate of crushed 

stone. The authors affirm that, by partially substituting the 

volume of coarse aggregate for lightweight expanded clay 

aggregate, it is possible to obtain a considerable reduction in the 

dead weight of concrete. Likewise, Sindhuja et al [41] used 

dosages of 30%, 50%, and 100% of lightweight expanded clay 

aggregate in concrete mix and found that apparent density of 

the concrete presented reductions of 6.3%, 24.1%, and 24.4 %, 

respectively. In the same way, Daria Jóźwiak-Niedźwiedzka 

[51] found reductions of 12.4% and 6.2% at the age of 28 days 

in apparent density for concretes with dosages of 33% and 50% 

of lightweight expanded clay aggregate. Similarly, Vosoughi 

[52] described that the use of a dosage of 40% of lightweight 

expanded clay aggregate produces a decrease in apparent 

density of approximately 10%.  

 Finally, in the present research, a apparent density of 2280 

kg/m3 was obtained for normal-weight concrete. After that, a 

dosage of 50% of Colombian lightweight expanded clay 

aggregate produced a apparent density of 1770 kg/m3. In this 

case, the reduction in apparent density was approximately 22%. 

Therefore, the trends of reduction of apparent density with 

increasing content of lightweight expanded clay aggregate in 

concrete found in the present research are similar to the results 

obtained by Ming et al [49], Pradeep et al [50], Muñoz-

Ruiperez [53], and Jóźwiak-Niedźwiedzka [51]. 

D. Chloride migration 

Fig. 8 shows the results of the non-steady state migration 

coefficient (Dnssm) for each concrete mix at 28 days. In this case, 

the results indicate that the increase of lightweight expanded 

clay aggregate produces a reduction in the non-steady state 

migration coefficient up to 33.8%. This reduction may be 

because the inclusion of lightweight expanded clay aggregate 

generates an important reduction in the porosity of the material, 

which reduces the penetration of chlorides in concrete. In the 

same way, as the percentage of lightweight expanded clay 

aggregate in the concrete increases, there is a progressive 

reduction in the non-steady state migration coefficient (Dnssm). 
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According to Fig. 7, it is observed that concrete samples 

LWAC1 (12.5%), LWAC2 (25%), LWAC3 (37.5%), and 

LWAC4 (50%) present reductions of 22%, 21%, 32%, and 34% 

respectively, compared to NWAC. 

Fig. 8 shows that the non-steady state migration coefficient 

(Dnssm) decreased from 12.1x10-12 m2/s to 8x10-12 m2/s when a 

dosage of 50% of lightweight expanded clay aggregate in 

concrete. An explanation for the decrease in the non-steady 

state migration coefficient (Dnssm) is the porous structure of the 

lightweight expanded clay aggregates acts as a barrier against 

migration to the rest of the concrete matrix, absorbing chlorides 

ions [54]. Likewise, Liu, Du, and Zhang [55] explained that the 

migration of chlorides in lightweight concretes is affected by 

the pore structure of the aggregate and the chemistry of the pore 

solution, because the presence of ions (such as hydroxide (OH)+ 

and sodium (Na)+) influences the total electric charge passed 

[56] [57].   

 

Fig. 8. Chloride migration tests results.   

Another explanation for this behavior is that chloride 

penetration in concrete may decrease when pore connectivity is 

low [58]. Previous studies indicate that concrete with 

lightweight aggregates presents better quality in the bond of the 

cement paste and the aggregate (known as the interfacial 

transition zone - ITZ), which obstructs the penetration of 

chloride ions into the concrete. This process occurs because 

there are more cement hydration products deposited on the 

porous surface of the lightweight expanded clay aggregates 

which generate an increase in the densification and resistance 

of the interfacial transition zone (ITZ). In turn, Bentz [59] 

explains the densification of the interfacial transition zone 

(ITZ) provides greater resistance to ionic and fluid transport in 

the concrete matrix.  

 Another explanation for the decrease in the non-steady state 

migration coefficient (Dnssm) in the concrete of Colombian 

expanded clay aggregate is that lightweight aggregate increases 

the electrical resistivity of concrete compared to normal-weight 

aggregate. An increase in electrical resistivity decreases 

chloride ion migration in lightweight concrete, considering that 

chloride ion migration is a phenomenon that takes into account 

electrical and transport properties in concrete [28].  

 

Fig. 9. Chloride penetration profile of lightweight aggregate concrete. 

 

The chloride penetration trends of lightweight concrete in 

the present study (see Fig. 9) are similar to the results presented 

by Arabani et al [60], in which concrete with lightweight 

expanded clay aggregate provided the lowest chloride 

migration coefficient for 28 and 90 days compared to the other 

lightweight aggregates (slag and pumice). In the same way, Liu 

et al [61] found that the non-steady state migration coefficient 

(Dnssm) was reduced from 8.8x10-12 m2/s to 6.5x10-12 m2/s when 

a 50% dosage of lightweight expanded clay aggregate was used 

in concrete. Additionally, Liu et al [62] found that lightweight 

concrete presented a chloride migration coefficient of 2.3x10-12 

m2/s, while normal-weight concrete presented a chloride 

migration coefficient non-steady of 1.5x10-11 m2/s. Finally, in 

the present study, there were decreases of 22%, 21%, 32%, and 

34% in the chloride migration coefficient when dosages of 

lightweight expanded clay aggregate of 12.5%, 25%, 37.5%, 

and 50% were used.  

IV. CONCLUSIONS 

In this work, the slump, density, compressive strength, and 

resistance to chloride penetration of concrete of thermally 

expanded Colombian clay aggregates were evaluated. The 

results led to the following conclusions:  

• The inclusion of thermally expanded Colombian clay 

aggregate in the concrete mix decreases the slump of 

fresh concrete. This behavior is because the water 

absorption of the Colombian lightweight aggregate is 

higher than the absorption of the normal-weight 

aggregate.  

• In the case of mechanical properties, increasing the 

amount of thermally expanded Colombian clay 

aggregate decreases the compressive strength of the 

concrete, because the strength of lightweight 

aggregates is less than the strength of normal-weight 

aggregates. According to the American Concrete 

Institute, concrete with dosages up to 50% of 

lightweight expanded clay aggregate achieve the 

compressive strength limit of 17 MPa to be applied in 

general-purpose structures. However, only concrete 

with dosages below 20% of Colombian lightweight 

aggregate achieved with the limit of 21 MPa to be used 
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in moment-resistant frames and special structural 

walls. 

• The inclusion of Colombian thermally expanded clay 

aggregate reduces the apparent density of hardened 

concrete, this could be a very important advantage in 

the reduction of seismic forces in seismic-resistant 

structures and for the settlement on soft soils. In this 

study, concrete with dosages higher than 37.5% of 

Colombian lightweight expanded clay aggregate, 

present apparent density below 1840 kg/m3; following 

the provisions of the ACI 318S-19 standard, this 

concrete of Colombian expanded clay are lightweight 

concretes which could be used in structural 

applications such as high-rise buildings and bridges 

with large spans. These are the preliminary results of 

this work, for that reason It is recommended future 

research on this topic. 

• In the case of resistance to chloride penetration, the 

inclusion of thermally expanded Colombian clay 

aggregate up to 50% reduces the chloride migration 

coefficient (Dnssm) by 33.8%, because this kind of 

lightweight aggregate produces a reduction in the 

porosity of hardened concrete. Therefore, the use of 

Colombian lightweight aggregate might generate an 

improvement in the useful life of concrete structures. 

• Lightweight aggregate (LWA) concrete is an 

alternative used worldwide, which has allowed an 

improvement in the design and construction of 

concrete structures. However, in the Colombian case, 

this kind of aggregates has not been widely used. For 

that reason, in this research, the mechanical and 

durability properties of concrete of thermally 

expanded Colombian clay aggregate were studied. 

According to the results, it is concluded that 

Colombian lightweight expanded clay aggregate could 

be used in partial replacements for up to 50% of 

manufacturing of structural concrete, since the 

workability, apparent density, and resistance to 

chloride penetration of the concrete are improved, 

with allowable mechanical strength. 

• Lightweight concrete from expanded clay aggregates 

is an innovative material widely used in industrialized 

countries, which allows to build resistant lightweight 

structures. However, expanded clay aggregates to 

manufacture lightweight concrete have not been 

widely used in the Colombian context. For this reason, 

it is advised future research to deepen on the 

mechanical and durability properties of the 

lightweight concrete added with Colombian expanded 

clay aggregate with the aim of boost the results 

reported in this work. 

• Finally, because of the reduction in the compressive 

strength of concrete with expanded clay aggregate 

dosages greater than 20%, it is recommended to 

investigate the implementation of this type of concrete 

in non-structural elements such as partitions, ceilings, 

thermal insulation, heat attenuators, vibrations, dead 

load reductions and coating systems. 
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