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A r t i c l e  h i s t o r y  A B S T R A C T  

Demand for high quality recycled concrete aggregates (RCA) to offset the use of 
primary materials is significantly rising due to circular economy goals and high-value 
reuse of concrete. The quality of RCA significantly affects their availability for new 
concrete production due to the variability of parent concrete streams. The 
optimization of recycling procedures is under development to improve the quality of 
RCA, however, the costs and energy efficiency of such processes are of practical 
concern. With this in mind, this paper presents a new framework for reducing the 
variability of RCA quality by identifying concrete members before their demolition. 
The goal of identifying demolished concrete members from a structure is to provide 
groups of concrete members with similar mechanical and chemical properties 
through a systematic classification of the structural members. 

The quality assessment of concrete structures and their mechanical and chemical 
(composition, contamination) properties prior to demolition is generally recognized 
as challenging due to the absence of guidelines and the lack of easy-to-use in situ 
characterization techniques. This paper proposes experimental approaches that 
can non-destructively determine the properties of concrete structures, with a major 
emphasis on the measurement of the chemical composition of concrete before 
demolition. Characteristic quality indicators to classify concrete members are first 
proposed and can be instrumental in setting up future studies. A new method is 
proposed for in situ chemical composition testing of existing concrete structures; 
assuming that no records about the parent concrete are available. Next, the 
challenging parameters for in situ, non-destructive measurements are outlined. The 
practical application of the proposed method and its uptake in industry can 
potentially unlock a huge potential for optimized material recovery and contribute 
greatly to a fully circular construction industry. 
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1 Introduction 

Globally, the construction industry is expanding rapidly 
[1], while transportation infrastructure is facing significant 
challenges due to aging, rapid growth in traffic loads, and 
changing circumstances of existing structures (natural and 
man-made resilience threats) [2]. As a consequence, a 
significant amount of construction and demolition waste 
(CDW) is generated. CDW contains concrete, brick, wood, 
metal, drywall, plastics, glass, and others [3], of which 
concrete waste forms the largest part. In Europe, CDW is 
assessed to be 25–30% of the total waste [4], whereas the 
level of recycling is still highly variable between the member 
states [5]. Most countries globally and within the EU still have 
low performance in CDW generation, management, and 
recycling [5] because of ineffective CDW regulations; poor 
data quality; poor reverse logistics; and a low market 

 
*  Corresponding author: 
 E-mail address: M.Nedeljkovic@tudelft.nl 

readiness for secondary materials [3]. Other sources of 
demolished concrete are residential and non-residential 
buildings, civil engineering structures, and the building and 
pavement industries [6], amongst others. Demolition of 
concrete structures can have various causes. Primary 
causes of structural failures, and consequently demolition 
are poor construction procedures, inadequate assemblage 
of concrete members, and inadequate behaviour under load 
[7, 8]. In the Netherlands, for example, the majority of bridges 
and viaducts in the main highway network have been 
demolished in the past for functional reasons (improved 
traffic flow on the road network and railway construction), 
and the rest were demolished due to technical reasons such 
as insufficient load-bearing capacity (design loads, 
accidental overload, deterioration) [9]. Fig. 1. gives an 
example of demolition. The Hoog Burel viaduct over the A1 
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in the Netherlands was more than 50 years old, and the 
concrete had deteriorated. 

Such demolitions have so far primarily been carried out 
without significant preselection, in particular, without any 
preselection of concrete. Furthermore, the recycling process 
principally consisted of simply crushing the waste concrete, 
which inevitably entailed a degradation in quality [11]. 
Although in the past two decades, significant effort has been 
made towards the advancement of concrete recycling and 
many achievements have been made in both the treatment 
and application of recycled concrete aggregates (RCA), their 
use is still very limited in new concrete structures. This is due 
to the fact that the recycling is mainly focused on mixed 
concrete streams and, therefore, the quality of RCA is a 
major concern for concrete producers (Fig. 2). 

To address this issue, simple, non-destructive in situ 
characterization techniques that enable pre-selection prior to 
demolition and waste stream separation based on concrete 
properties are required. With this in mind, the primary goal of 
this paper is to propose a workflow for use in demolition 
projects that is based on in-situ quality assessment of parent 
concrete and non-destructive testing. The paper proceeds as 
follows: Section 2 presents the current demolition and 
recycling practices that do not rely on selective demolition; 
Section 3 examines concrete input properties for selective 
demolition; Section 4 presents a specific workflow towards a 
selective demolition-based recycling of concrete; Section 5 
presents non-destructive in situ concrete characterization 
techniques; Section 6 outlines further research needed on 
testing of concrete composition; and Section 7 concludes the 
paper. 

 

 

Fig. 1. Demolition of Hoog Burel viaduct (A1), the Netherlands: a) before demolition, b) during demolition (November 2022). 
Credits go to Rijkswaterstaat [10] 

 

 

Fig. 2. Mixed concrete streams at the recycling plant 
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2 Demolition and recycling without prior concrete 
characterization 

The way we handle waste now is based on several EU 
guidelines, such as the Circular Economy Action Plan [12], 
the EU Directive 98/2008/EC [13], the EU Directive 
2018/851/EC [14], the EU Construction and Demolition 
Waste Management Protocol [15], and the Guidelines for 
Waste Audits Before Building Demolition and Renovation 
[16]. However, concrete producers, construction engineers 
and real state owners are sceptical towards recycled 
aggregate concrete since RCA are typically heterogeneous 
[17] and of lower quality than natural aggregates [18]. In 
particular, engineers are faced with uncertainties when they 
have the opportunity to design structural recycled aggregate 
concrete members [19]. Quality assurance and certification 
are of paramount importance in order to address these 
reservations. It is very difficult, if not impossible, to demolish 
a concrete structure for which there is prior knowledge about 
the origin and properties of all concrete components. 
Information about the composition (cement, aggregates, 
fibres, coating) of each concrete member (strength class, 
with/without reinforcement, type of reinforcement), and their 
degree of contamination, is difficult to obtain. Furthermore, 
they may have been exposed to different environmental 
conditions (under varying conditions of drying and wetting, 
chloride environment, carbonation, chemical attack, alkali-
aggregate reactions, etc.) [20]. 

Demolished concrete members can be crushed and 
processed on site with mobile crushers, or they can be 
transported to the recycling plant [21]. Preliminary manual 
sorting is conducted in order to eliminate hazardous 
materials (e.g., bituminous roofs) and further sorting with 
magnet pads to segregate metals [22]. Within such a 
process, there have also been recent advances in 
automating and robotizing the procedure. For example, 
ZenRobotics is an advanced and recently applied technology 
for efficient sorting of input materials (metals, wood, stone, 
and inert materials) with a heavy-duty picker sorting line (Fig. 
3). ZenRobotics uses standard industrial robots and, 
depending on the application, equips them with a variety of 
sensors, detectors, and scanners, along with artificial 
intelligence software, to ensure maximum efficiency. The unit 
contains near-infrared spectroscopy, hyperspectral imaging 
sensors, a 3D sensor system, a high-resolution RGB 
camera, a metal imaging sensor, and a visual light spectrum 
sensor [23]. 

As for the recycling process, RCA are produced using the 
same equipment traditionally used in quarries for the 
production of natural aggregates, and their appearances are 
shown in Fig. 4. The most commonly used crushers are jaw 
and impact crushers[24].  

The traditional production processes result in RCA with 
suitable properties for concrete, provided the CDW are of 
good enough quality after the initial separation. However, 
better recovery rates, faster and more efficient production, 
higher quality recycled aggregates, and additional types of 
recovered materials (e.g., recycled fines and cement) with 
suitable quality may be obtained with technologically 
advanced processes.  

Examples of such advances are the Smart Crusher and 
Concrete to Cement and Aggregate (C2CA). The Smart 
Crusher separates concrete waste into gravel, sand, and 
cement with minimal damage to each of these constituents. 
This is achieved by adjusting the crushing force to an 
intermediate value between the average compressive 
strength of the aggregates and that of the hardened cement 
paste [25, 26]. In order to exert the right force on the 
aggregates, crushing and grinding are combined. C2CA 
technology combines a mechanical-based process, the 
Advanced Dry Recovery (ADR), with a thermal-based one, 
the Heating-Air Classification System (HAS). Both are mobile 
technologies suitable for on-site recycling of end-of-life 
concrete waste. The combination of these technologies is 
used to recover concrete waste into three product streams: 
coarse recycled aggregates (4–12 mm), fine recycled 
aggregates (0.25–4 mm), and an ultrafine fraction (<0.25 mm). 
While ADR is a mechanical system that crushes and sorts wet 
concrete wastes according to their particle size, HAS uses a 
combination of thermal and air classification methods to 
separate and activate the hydrated cement paste [27].  

At the moment, all of these technologies are more 
expensive and more energy-consuming relative to 
established ones, making such recycled aggregates econo-
mically unviable as a competitive alternative to concrete 
made of natural aggregates. The energy consumption of 
RCA production was measured and plotted against the water 
absorption of coarse RCA in conventional and advanced 
recycling processes [28]. On the one hand, energy 
consumption was up to 62 times higher with advanced 
recycling processes than in the case of ordinary concrete 
recycling. On the other hand, water absorption has 
decreased. 

 

Fig. 3. ZenRobotics technology heavy picker sorting line [23]  
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Fig. 4. Crushed natural materials (a) gravel and (b) sand versus recycled concrete aggregates (c) coarse and (d) fine 
 

 

Fig. 5. Energy consumption per metric tonne (allocated to fine and coarse fraction) vs water absorption of RCAs subjected to 
advanced recycling processes. ORC (ordinary recycling); ERC (eccentric rotor crusher); C&I (compression and impact); SAC 
(screw abrading crusher); HR-M (heating by microwave oven and rubbing); HR-F (heating by kerosene furnace and rubbing); 

HS-RK (heating by rotary kiln and sorting), adopted from [28] 
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In addition, none of these advanced recycling techniques 
can recognize the quality of the input concrete waste. Such 
information can be of extremely high value for the wider 
application of RCA in producing structural concrete, that is, 
recycled aggregate concrete [29]. Therefore, 
selective/gradual demolition and sorting of concrete waste is 
another route for ensuring the correct management of 
recycled material. However, this route is not a preferred 
practice by demolition contractors for a number of reasons, 
such as insufficient space at the demolition site, too little time 
for additional sorting, or excessively low efficiency due to 
small quantities of waste to be sorted in different streams 
[30]. Furthermore, there are no specific workflows or 
visualisation tools established for selective demolition. 
Moreover, selective demolition was shown to induce high 
costs for the demolition sector [31]; the actual effort, if 
measured in time, skills, and labour, is significantly higher 
than for conventional demolition [5]. However, adaptive 
planning of the deconstruction works and ways of optimising 
cost-effective processes can also lead to considerable 
reductions in deconstruction duration and costs [31, 32]. In 
addition, if design codes emphasise the environmental 
aspects of the construction and give designers more 
opportunities for material sourcing, the chances of reuse 
through smart demolition and/or selective dismantling can be 
enhanced [32].  

3 Concrete input properties for selective demolition  

Visualisation tools allow for selective dismantling 
planning and therefore also allow one to foster demolition 
practices according to waste management priorities [33]. For 
correct concrete for waste management, it is necessary to 
define characteristic quality indicators for parent concrete. 
The RCA properties and parameters affecting new concrete 
are water absorption, composition, alkali-silica reactivity, 
contamination, and other critical parameters that may be 
related to compressive strength. Those parameters and their 
effect on new concrete are further examined, which led to the 
selection of key characteristic quality indicators for parent 
concrete screening in Section 3.5. 
 
3.1 Compressive strength of parent concrete 

 
The characteristic concrete compressive strength at 28 

days is the value used by structural engineers for the design 
of new concrete structures. By evaluating fundamental 
parameters such as the compressive strength of parent 
concrete before demolition, crucial properties of RCA before 
their use in new concrete can be predicted. One of the 
distinguishing features of RCA is their water absorption. In a 
systematic literature review, Silva et al. [34] concluded that 
the increasing strength of the parent concrete may cause a 
reduction in the water absorption of the resulting RCA.In fact, 
Kou and Poon [35] examined the effect of the wide range of 
parent concrete strengths on the water absorption of RCA. 
RCA, derived from stronger parent concrete, had lower water 
absorption values. This effect was more distinct for RCA, 
with a maximum particle diameter of 10 mm compared to 20 
mm [35]. 

Table 1 summarizes experimental data from the literature 
on the 28-day compressive strength of fine or coarse RCA 
concrete in relation to the parent concrete´s source and 
strength. It must be noted that in the majority of reviewed 
studies in the literature, the properties of the parent concrete 
were unknown, and RCA was produced from a mix of 
concrete waste from different sources and of unknown 
quality [36-40]. Therefore, such studies were not reported in 
Table 1. Nonetheless, these studies demonstrated how 
difficult it is to explain the properties of new concrete with 
RCA when information on the parent concrete's quality is 
unavailable. 

The compressive strength of concretes with coarse as 
well as fine RCA fluctuated: it was higher, the same, or lower 
compared to a reference concrete. The compressive 
strength is rather sensitive to the high replacement level of 
RCA (100%), irrespective of the binder composition or 
cement content, as earlier reported [20]. As Table 1 shows, 
there is no significant difference between the sources of 
parent concrete: field or lab concrete, however, there is a 
significant difference with regard to their compressive 
strengths. Pedro et al. [41] studied the effect of using RCA 
(100% replacement of natural coarse aggregates) from 
different sources (precast rejects or laboratory concrete, with 
target strengths of 20 MPa, 45 MPa and 65 MPa) on 
properties of new concrete mixes with target strengths of 20 
MPa, 45 MPa and 65 MPa, respectively. The loss of 
compressive strength of concrete with RCA was less for 
mixes with higher target compressive strengths (45 MPa and 
65 MPa) compared to mixes with lower target compressive 
strengths (20 MPa). This finding is in line with other studies 
[42, 43]. The results showed that in terms of compressive 
strength, the replacement of 100% natural coarse 
aggregates would be possible when RCA are produced from 
parent concrete with a minimum compressive strength of 60 
MPa [43]. In another study [44], more representative for field-
demolished concrete, the compressive strength of parent 
concrete was 35 MPa and 23 MPa (a 40-year-old highway 
bridge). The new concrete mixtures were designed with a 
target 28-day compressive strength of 35 MPa. Concrete 

with 100% coarse RCA had an 8% lower 28-day 
compressive strength when produced with the same 
effective water-to-cement ratio as normal aggregate 
concrete, while other properties (shrinkage and creep) were 
comparable [44]. The study by Lotfi et al. [27] demonstrated 
that recycled aggregate concrete achieved higher 
compressive strength compared to natural aggregate 
concrete up to 30% at early ages, and after 90 days this 
difference became lower, at 5%. In terms of concrete 
deformations and durability, the concrete mixtures made with 
RCA derived from parent concrete with higher strength had 
lower drying shrinkage and higher resistance to chloride ion 
penetration [35]. It has also been reported that the 
compressive strength of parent concrete increases its 
resistance to fragmentation [45]. Overall, studies highlight 
the need to determine the strength of parent concrete, based 
on which realistic qualities can be targeted for recycled 
aggregate concrete [46]. 
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The strength of the parent concrete may also have an 
impact on the amount of energy required for crushing. In the 
context of crushability tests, there are no data on the impact 
of the physical and mechanical properties of concrete on the 
energy consumption of a crusher during concrete crushing. 
For this reason, hard rocks will be discussed because of their 
similarities with concrete (artificial rock). Laboratory studies 
showed that the crushability of hard rocks is directly 
associated with the rock strength and mineralogical 
composition [60]. Rocks with a higher uniaxial compressive 
strength are "harder" to crush resulting in an increased share 
of larger particles and the need to use more energy for 
crushing [61]. Fig. 6 shows the dependence of the specific 

crushing energy on the compressive strength of the rocks 
[61]. In the same study, it was shown that fracture toughness 
and tensile strength also significantly affect the crushing 
energy. The impact of bulk density is not large, while 
hardness has only a minor impact. It is believed that, similar 
to the increase in energy with the strength of rock, concrete 
with a higher strength class consumes more energy for 
crushing in order to achieve the required particle size. During 
the size reduction processes in a jaw crusher and rod mill for 
quartz ore (density 2800 kg/m3) with a density slightly higher 
than that of normal concrete (2400 kg/m3), crushing and 
grinding energy consumption increase when finer size 
fractions of the product are desired [62], Fig. 7.  

 

 

Fig. 6. Dependence of crushing energy on the compressive strength for various rocks [61] 

 

 

Fig. 7. Energy consumption in different crushing flowsheets, adopted from [62]  
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3.2 Composition of parent concrete 
 
RCA are the least homogeneous in mechanical, 

chemical, and composition properties, since they originate 
from many different concrete waste streams. The chemical 
composition of the CDW, and therefore of the RCA, shows 
great variability [63]. The element with the highest average 
content is Si (47%), with values ranging from 8 to 77%. The 
proportion of CaO is also high (20% on average) and varies 
between 4 and 47%. Other components such as Al, Fe, Mg, 
S, and different alkalis follow as secondary elements. Other 
minor elements (Mn, P, Sr, Ti), may be present as well. 
Testing the parent concrete composition can provide two 
types of information, composition of major components in 
concrete and possible minor elements and contamination. 
Other reasons for testing the composition of concrete 
components before demolition are discussed below. 
 
3.2.1 Identification of cement type  

 
This information can assist in deciding on the application 

for recycled material. For example, based on cement type, 
one can decide whether the fine recycled concrete 
aggregates (fRCA) would be valuable for: 

 

• Alternative raw materials 
 

− mineral addition for clinker manufacturing. If the use of 
RCA in concrete mix design is limited by their physical or 
chemical properties (high absorption, sulphates or alkalis 
content, etc.), they can be used as raw materials for cement 
production [63]. The studies show that if the RCA 
composition, cement type, and cement quarry composition 
are known, it is possible to produce Portland clinker using 
RCA as raw materials [63-66]. Schoon et al. [64] 
incorporated the concrete fines in cement raw meal replacing 
siliceous materials due to the high SiO2 contents of recycled 
materials. However, the percentages of RCA incorporation in 
the cement raw meal vary greatly, mainly due to the variation 
in RCA’s chemical composition and the use of different 
natural raw materials (clays and limestone). It was shown 
that the maximum incorporation rate is mainly between 10–
20% (50% of the 180 raw meal calculations), occasionally 
lower than 5% (13%), or higher than 30% (17%) [63]. The 
incorporation rates of CDW in an OPC clinker are directly 
controlled by the CaO or SiO2 content [63]. The use of CDW 
for cement production requires better taking into account the 
effect of the natural raw materials and the RCA chemical 
composition variability. This is an example of how knowing 
the composition of RCA can improve clinker manufacturing 
by avoiding the addition of undesired components, such as 
clays. Other study reported a greater amount of 
phyllosilicates in the fine fraction compared to the other 
fractions [67]. Therefore, the authors indicate that if one is to 
use recycled fine fractions in mortars and concrete, careful 
sorting must be carried out to limit the presence of clays. 

− pozzolanic materials [68], in which case the fine 
fraction of RCA should contain adhered mortar that consists 
of pozzolanic materials such as fly ash, silica fume, and 
naturally calcined pozzolana and has a siliceous or silico-
aluminous composition as defined by EN 197-1:2011. It 
should be noted that fRCA and other pozzolanic materials 
have to be heated. It indeed has an environmental and 
economic impact, but it may result in more valuable material. 

− fillers [69-72], the candidates would be fRCA with a 
high CaO or SiO2 content. These candidates would be 

potential alternatives to traditional fillers such as limestone 
and quartzite. 

 

• As an activator for ground granulated blast furnace slag 
and pozzolanic materials 

 
Recycled concrete fines can be used for blended 

cements with the role of an activator. For example, thermally 
treated fRCA, when dissolved in water, can activate ground 
granulated blast furnace slag [73] or fly ash [74]. When 
combined with slag cement, the fine fraction of RCA 
improves compressive strength when compared to reference 
mortar (70% slag + 30% CEM I 42.5N) by providing lime for 
slag dissolution [75]. This occurs only if fRCA originates from 
OPC-based concrete, which can be known only if parent 
concrete composition is known.  

 

• CO2 sequestration 
 
If CO2 sequestration is the goal of using RCA, the most 

suitable cement type in adhered mortar in RCA is OPC, 
which contains the highest levels of CaO and calcium 
hydroxide (Ca(OH)2) that can react with CO2. The addition of 
fly ash or ground granulated blast furnace slag in partial 
substitution of OPC decreases the initial content of CaO in 
the cement matrix, and consequently, it lowers the amount 
of Ca(OH)2 to be formed as a result of the cement hydration 
reaction. 

 

• Durability aspect 
 
When the concrete contains cement with high Al2O3 

content, such as fly ash- (CEM II) or slag-based cement 
(CEM III), chloride binding by the cement matrix significantly 
increases (decreasing free Cl- in the pore solution), as 
compared to reference concrete made without fly ash [76], 
which is beneficial for the application of such recycled 
material in new concrete, where chloride ingress resistance 
is required. This is yet another example of how knowing the 
composition of cement in parent concrete can have a 
beneficial impact on the durability of new concrete with RCA. 
 
3.2.2 Identification of aggregate type  

 
The aggregates of the concrete to be recycled have a 

large influence on the quality of the future recycled 
aggregates. For example, as shown in Table 1, different 
aggregate types lead to different compressive strengths. 
Furthermore, knowing the composition of aggregates in the 
parent concrete would assist in determining whether such 
aggregates would be suitable for the production of fillers 
usually used for production of concrete, such as limestone 
filler. In the study of Oksri-Nelfia et al. [72], parent concrete 
was made with limestone aggregates. Recycled crushed 
concrete fines (RCCF) had particles with a diameter smaller 
than 80 μm. The results show that the influence of RCCF on 
cement hydration is similar to that commonly observed for 
limestone filler. Fines of up to 25% can be used without 
affecting the properties of mortars [72]. In another study, 
Schoon et al. [64] used recycled concrete fines in cement 
raw meal to replace siliceous materials because the recycled 
concrete fines had a high SiO2 content. Knowing the 
composition of aggregates in the parent concrete may 
prevent damage to the new concrete with RCA at high 
temperatures. It has been found that the performance of the 
recycled aggregate concretes was inferior to that of natural 
aggregate concrete under high-temperature in terms of the 
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residual properties [77]. The rate of crack growth increased 
as the temperature rose. This behaviour was explained by 
the presence of flint in the original aggregates of RCA, which 
increased in volume during heating [78, 79]. Together, these 
studies [64, 72, 77] indicate that aggregate characterization 
in parent concrete is greatly important for predicting the 
properties of RCA. 
 
3.3 Appearance of sound and potentially damaged 

concrete 
 
A general definition of the appearance of potentially 

unhealthy or healthy concrete does not exist [80]. The 
appearance of a concrete surface can change as a result of 
ageing, loading, or interaction with the environment to which 
it is exposed [81], as illustrated in Fig. 8. Newly built 
reinforced concrete is approximately homogeneously 
coloured, whereas a long-used concrete structure can suffer 
for multiple reasons (Figs. 8a–b). Concrete can be painted or 

coated (Figs. 8c–d). Efflorescence usually appears as a 
white coating on the external surface of a concrete slab. A 
typical example of efflorescence formed by deposits of 
CaCO3 is shown in Fig. 8e. The appearance of algae is 
demonstrated in Fig. 8f. The signs of unhealthy concrete are 
mostly visible from the surface as disintegrated concrete or 
severe cracking, Fig. 8g-h. If one wants to study any 
deleterious effects in depth from the surface, then the 
samples need to be extracted and analysed in the laboratory. 
The major deleterious effects, chloride ingress, sulphate 
attack, and alkali aggregate reactions and their assessment 
will be further discussed in detail in Section 3.4. These three 
mechanisms are selected as being critical for concrete 
contamination and, therefore, need to be considered in the 
selective demolition of concrete. Other deleterious effects 
are not addressed, such as carbonation, freeze-thaw attack, 
and fire. In fact, they do not introduce deleterious 
contaminants in the concrete that will affect the quality of 
RCA.  

 
a) b) 

  

c) d) 

  



Pre-demolition concrete waste stream identification: classification framework 

10 Building Materials and Structures 66 (2023) 1-24 

e) f) 

  

g) h) 

  

Fig. 8. Concrete surface texture examples: (a) newly built reinforced concrete and formwork marks, (b), spall, (c) white paint, 
(d) remained coating, (e) efflorescence, (f) algae, (g) crack, dirt and rust stain, (h) steel corrosion and concrete cover damage 
 
 
3.4 Contamination of parent concrete 

 
The potential contamination of RCA imposes an added 

challenge for their use given that there might be deleterious 
pathologies in parent concrete waste streams, such as de-
icing salts, sulfate attack, and alkali-silica reaction (ASR). 
The parent concrete contamination referred to here is related 
to two aspects, external and internal, as illustrated in Fig. 9. 

External contamination of the parent concrete is mainly 
limited to the concrete cover and, as such, has an 
insignificant influence on the properties of the RCA. RCA has 
been shown in several studies to have negligible chloride 
content (less than 0.01% by mass of aggregate [82, 83]) and 
water-soluble sulfates below the allowable limit of 1% [71, 
83, 84].  

The internal presence of critical species such as chloride 
ions, sulfate ions, or potentially reactive aggregates (Fig. 9.2) 
overall in the concrete structural member makes the parent 
concrete decisive for the quality of the RCA [85] and it is of 
major concern for the quality of RCA. Several studies [86-88] 
reported reactive RCA, but they were also innocuous to 
alkali-silica reactions [82]. The extent of reactivity/expansion 
reached by a concrete member before its demolition will 
influence the extent of expansion that can be obtained with 
RCA produced from that concrete member. RCA produced 
from concretes that have suffered from a high degree of 
reactivity/expansion/damage can suffer less expansion 
compared to a similar proportion of unreacted aggregate 
material of the same origin. This is likely due to the 
consumption of reactive phases in the RCA; also, it is 
possible  that  the  residual  mortar  that  surrounds  parts  of  
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Fig. 9. Contamination of parent concrete caused by 1) external ingress of critical species such as chloride ions being mainly 
limited to the concrete cover, and 2) internal presence of critical species such as chloride ionsor potentially reactive 

aggregates overall the concrete structure 
 
 
reactive particles limits the exposure of the original 
aggregate to the concrete pore solution, thus reducing 
further reaction [85]. On the other hand, recycling/crushing 
of concrete incorporating some reactive aggregate materials 
can also rejuvenate the reactivity of the original aggregate by 
exposing reactive silica from fresh aggregate surfaces, thus 
resulting in a higher expansion of concrete incorporating 
such RCA compared to “stabilized” original gravel material 
[85].  

To ensure that RCA are not a potential internal source of 
contaminants for new concrete, selective demolition is 
required. It would also decrease the number of tests that 
such aggregates need to pass in order to be used in new 
concrete. according to EN 12620:2002+A1:2008. 
 
3.5 Characteristic quality indicators  

 
To enable the use of RCA as European Standard EN 

12620:2002+A1:2008 [89]-conforming products, it is 

necessary to test the parent concrete quality of each 
concrete member of a structure before demolition. The 
characteristic quality indicators are crucial for a comparative 

assessment of various types of concrete. Criteria for 
selecting characteristic quality indicators for parent concrete 
testing and sorting were as follows: Literature review in 
Sections 3.1-3.4 and relevance of an indicator to the 

production and classification of RCA, available techniques to 
assess certain concrete properties in situ, robustness of the 
testing, automation capability, process speed, relevance of a 
quality indicator to a recycler. Quality indicators that are 
technically feasible to be assessed on concrete structures 
before demolition are surface visual inspection for 
deterioration and measurement of parent concrete strength 
and composition. These are three key characteristic quality 
indicators that can be linked to properties of RCA and their 
production, such as energy consumption during crushing, 
strength and type of cement and aggregates used in parent 
concrete, and potential alkali silica reactivity. The properties 
of parent concrete help determine which parts of the 
concrete structure can be recycled together and which parts 
should be kept separate to obtain concrete batches of known 
and consistent quality. 
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4 Workflow toward more rational concrete waste 
management  

Selective demolition of concrete structures should 
involve a detailed plan and a workflow. The specific workflow 
is presented on an example of the concrete bridge in Fig. 10, 
where different parts of the bridge are sorted using 
characteristic quality indicators and the concrete is 
characterized before it is demolished and recycled. 
Recyclers can have the opportunity to select concrete with 
properties that best suit their crushing technology and 
business model. After recycling concrete members of known 
origin and quality, an advanced classification of recycled 
materials can be made in separate stockpiles: recycled 

concrete aggregates from high-strength concrete without 
contamination (stockpile 1), recycled concrete aggregates 
from normal-strength concrete without contamination 
(stockpile 2), recycled concrete aggregates from lightweight 
aggregate concrete (stockpile 3) without contamination, and 
others (recycled concrete aggregates from contaminated 
concrete). Finally, the individual stockpiles will benefit the 
concrete producers, as their origin and quality will be known 
upon delivery. For efficient concrete sorting, testing of parent 
concrete quality would be essential. The following section 
presents guideline for non-destructive testing of concrete 
properties which are critical for concrete sorting before 
demolition. 

 

 
Fig. 10a) Workflow to implement in demolition projects, including specific in-situ testing and classification of concrete 

members based on strength and composition, b) an example of concrete bridge parts, c) their sorting prior to recycling and 
classification of concrete members based on a), (Bridge drawing adopted from [90]) 
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5 In-situ testing of concrete properties 

5.1 Compressive strength of concrete 
 
The destructive testing requires the extraction of a 

concrete sample from the structure, which is then analysed 
in a laboratory. The extraction of such samples tends to be 
laborious and time consuming. Compared with destructive 
testing, non-destructive testing offers a promising way 
towards strength assessment since many non-destructive 
testing parameters are sensitive to material strength 
variations [91], and non-destructive testing can be deployed 
at many locations in real time at construction sites [92, 93]. 
The rebound hammer and ultrasonic pulse velocity tests are 
the most commonly used non-destructive methods for in situ 
concrete strength evaluation. The review of factors affecting 
the reliability of assessing the concrete strength by rebound 
hammer and cores [94] outlined the following sources of 
uncertainty: measurement uncertainties [95],  strength 
variability [96], model uncertainties [96], statistical 
uncertainties of sampling [97], and influence of uncontrolled 
factors such as concrete degree of saturation and 
carbonation [91, 98, 99]. The standard EN 12504-2:2021 
[100] specifies the method for determining the rebound 
index, whereas EN 12504-4:2021 [101] specifies the method 
for determining the ultrasonic pulse velocity, and EN 
13791:2019 [99] summarizes guidance for the assessment 
of the in situ concrete compressive strength in structures. 
RILEM TC249-ISC also provides recommendations on non-
destructive in situ strength assessment of concrete [102, 
103]. It is generally stated that the rebound hardness tests of 
concrete are not intended as an alternative to the 
compressive strength testing, but with suitable correlation, 
they can provide an estimate of the in situ strength, which 
may be sufficient for the purpose of selective demolition. 
Nevertheless, in the case of selective demolition, non-
destructive strength measurements can be verified, i.e., 
calibrated with results obtained on a discrete number of 
samples (cores) taken from the structure and tested in the 
laboratory, which is a common practice. Since the 
advantages and disadvantages of concrete strength 
evaluation in situ are well documented in the literature, 
standards, and guidelines, the present paper is dedicated to 
a review of methods that can evaluate concrete chemical 
composition and contamination.  
 
5.2 Concrete chemical composition and contamination 

assessment 
 
For determining the chemical composition and 

contamination type of concrete, only a few methods are 
available. Most of these techniques are destructive, requiring 
the extraction of a concrete sample from the structure, which 
is then analysed in a laboratory for mineralogical composition 
[104] with optical and electron microscopes. The extraction 
of such samples tends to be laborious and time-consuming. 
In the next paragraphs, the non-destructive testing methods 
are presented.   
 
5.2.1 Visual inspection of concrete surface  

 
Visual inspection is one of the most useful and versatile 

non-destructive techniques, and it is normally undertaken at 
the initial phase when assessing concrete deterioration by 
fire and alkali silica reaction. In spite of visual inspection 
being simple in principle, it may provide core information 
about the condition of the deteriorated structure and act as a 

basis upon which subsequent assessment methods can be 
performed [105]. Visually apparent deterioration induced by 
heating includes spalling, cracking, surface crazing, 
deflection, colour changes, and smoke deterioration; attack 
by acids and alkalis includes exposed cement paste 
completely disintegrating together with any calcareous 
aggregate; ASR includes, among others, cracks (map 
cracking) and secondary deposits of alkali-silica gel that may 
appear on the outer concrete surface [106]. These indicators 
of deteriorated concrete can be assessed visually and further 
assessed using more advanced methods. A visual inspection 
of a concrete surface can lead to the immediate classification 
of a concrete member due to characteristic signs of concrete 
deterioration. This can be the first line of concrete quality 
assessment. In the case of non-deteriorated concrete, it is 
necessary to employ element-characterization techniques 
for the determination of the chemical composition of the 
concrete to assess its classification and future application of 
RCA.  
 
5.2.2 Analysis of concrete composition with a handheld X-

Ray Fluorescence Analyzer 
 
State-of-the art techniques relevant to in-situ 

measurements for determining the material element 
composition non-destructively, are handheld laser-induced 
breakdown spectroscopy (hLIBS) and handheld X-Ray 
fluorescence (hXRF) analyzers. In general, a single LIBS 
spectrum can be obtained in a fraction of a second, whereas 
typically tens of seconds to minutes are needed to acquire 
an XRF spectrum [107]. However, XRF is a non-destructive 
technique, whereas LIBS is micro-destructive, as each laser 
shot removes a few nanograms of material from the sample 
surface, forming a surface crater. Thus, a LIBS analysis of a 
particular spot on a sample cannot be repeated and cannot 
be compared to other techniques, which represents a 
drawback for LIBS [107]. In laboratories, conventional 
desktop XRF has been one of the most widely used 
spectroscopic methods for testing the element composition 
of materials for decades. The hXRF brought a large 
revolution to the field of chemical materials characterization. 
Based on previous experience with concrete bulk 
composition testing with desktop XRF, the hXRF is 
particularly promising for studying concrete composition in 
situ. In the field of concrete science, typical desktop XRF is 
widely applied for the characterization of raw materials used 
for concrete production, including RCA in powder form. 
Moreover, the standard EN 196-2: 2014 [108] presents XRF 
as a method for cement composition testing in laboratories.  

The hXRF possesses many advantages, including easy 
of use, non-destructive testing, the portability (for fieldwork), 
fast results, large numbers of analysed spots, satisfactory 
accuracy, and precision [109]. It therefore has a wide 
application foreground in material science, such as rocks, 
ores, metals, soil, ceramics, manufactured glass, 
geoarchaeology, art, and paintings [110-114]. A recent study 
[115] has shown promising results regarding in situ versus 
laboratory characterization of historical structures in marine 
environments using hXRF. hXRF-based methods have been 
used for the in situ characterization of concrete pavements 
[116], concrete from nuclear material processing, and liquid 
waste systems [117]. hXRF readings can also be used to 
estimate the percentages of sand, silt, and clay in the soil 
[118].  

Fig. 11 shows the working mechanism. An hXRF 
analyser includes an X-ray source, which irradiates the 
sample, and an X-ray detector, for detecting the X-ray 
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fluorescence emitted by the sample in response to the 
irradiation. Each element in the sample emits X-ray 
fluorescence in energy bands that are characteristic of the 
element. The detected X-ray fluorescence is analysed to find 
the energies, or equivalently, the wavelengths of the 
detected photons, and the qualitative and/or quantitative 
composition of the sample is determined based on this 
analysis [119]. A mixture of elements irradiated by a 
sufficiently energetic X-ray beam absorbs the incident X-rays 
and re-emits other X-rays, the wavelengths of which are 
characteristic of the elements in the sample, and the 
intensities of which may be correlated with their 
concentrations [120]. Elements from magnesium to uranium 
are within the detection limit and can be analysed [121]. The 
device is equipped with a small screen that shows the results 
instantly, once the device is calibrated for the specific 
materials (Fig. 12). The measurement times are very short, 
such that it is possible to collect data for up to 100 samples 
in a single day [109]. 

Regarding concrete in situ identification in the context of 
sorting and selective demolition based on composition, 
hXRF is believed to be a key solution to this issue owing to 

its compatibility with lab XRF (Table 2) for concrete 
characterization, easy installation, maintenance, and large-
scale applications. Furthermore, because hXRF can perform 
non-destructive analysis with minimal sample preparation, it 
is ideal for in situ concrete structural members. Moreover, 
hXRF is largely used in the mining and cement industries and 
can detect a large range of elements characteristic of 
concrete. However, the hXRF-based method has yet to be 
studied and applied for determining the chemical element 
composition of in situ concrete structures. Therefore, hXRF 
is recommended for a laboratory proof-of-concept to identify 
and quantify elements in various types of concrete and, 
therefore, various used cement and aggregate types for the 
concrete demolition concept. In comparison to destructive, 
time-consuming, and relatively expensive techniques for 
concrete characterization in situ, hXRF can be generally 
applied as a first approach to estimate concrete chemical 
composition in situ. This would be helpful for ensuring the 
identification of concrete at the source, improving the 
demolition efficiency, guiding the quality of recycled 
concrete, and decreasing the number of standard chemical 
tests in the laboratory. 

 

  

Fig. 11. The X-ray instrument emits energy which 
changes the electrons orbitals [122] 

Fig. 12.The use of hXRF BRUKER device 

 
Table 2. A general comparison between conventional desktop XRF (BRUKER S2 PUMA Series 2) and BRUKER Handheld 

XRF (S1 TITAN 800) instrument settings 

Settings Conventional desktop XRF 
(S2 PUMA Series 2) 

Handheld XRF  
(S1 TITAN 800) 

Range of detectable elements 
Na–Am 
C–Am with light element (LE) detector 

Mg–U 

X-Ray tube Anode Pd or Ag anode  Rh anode 

Excitation source 4000 W (50 kV, 2000μA) 4W (50 kV, 200 μA) 

X-ray beam path Vacuum, Air, Helium, Nitrogen Air (1 bar) 

Spot size 1–34 mm 3–8 mm 

Filter 10–position automatic filter changer 5–position automatic filter changer 

Sample type 
Loose powders, granules, solids, pressed pellets, 
fused beads, and liquids 

Loose powders, granules, solids, 
pressed pellets, fused beads 

Sample preparation Drying No preparation needed 

Scan duration 6–30 s 30 s –10 min 

Working distance contact measurement contact measurement 
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6 Further research on hXRF for concrete 

6.1 Parameters affecting measurements 
 
There are several influential parameters that need 

attention for hXRF measurements: 
 

• Distinction between cement and aggregates. 
 
Because the spot size of the hXRF aperture varies 

between 3 and 8 mm depending on the device, the 
heterogeneity of the tested material can have a significant 
impact on the results [121]. When testing the chemical 
composition of hardened concrete, the challenge lies in 
recognizing cement paste, fine and coarse aggregates due 
to partial overlap in particle size distribution and, in some 
cases, similar element oxides. 

Kreijger [123] showed that the skin of a concrete structure 
consists of three layers, the cement skin (~0.1 mm thick), the 
mortar skin (~5 mm) and the concrete skin (~30 mm), as 
shown in Fig. 13. Therefore, it is hypothesized that testing 
the chemical composition of the surface (first concrete skin 
layer) will represent the cement type, while testing the 
chemical composition of the inner layers will yield aggregate 
types in a relatively homogeneous environmental setting and 
therefore can be predicted from the direct element readings 
of hXRF. 

• X-ray beam path, air versus vacuum. 
 
Conventional XRF works in a vacuum, while hXRF 

operates in air. The question is, what effect does air have on 
hXRF measurements when compared to measurements in 
vacuum? A Bruker S1-Titan 600 hXRF analyser with a 
patented compact collimating device [124] has been used for 
evaluation of the effect of environmental interferences 
(specifically in the low energy range up to 10 keV) on the 
graphite, copper, SiO2 powder, and UO2. First, the authors 
used Monte Carlo simulation to calculate the relative 
intensity of X-ray energy on the surface in both vacuum and 
air [125]. The former represents the X-rays immediately after 
emission from the Rh target, while the latter represents 
reflection of the X-rays by air between the hXRF and the 
contact surface of the sample. At higher energy levels hardly 
any difference can be seen (Fig. 14). Second, in the case of 
graphite, the effect of the environmental interferences was 
evaluated to be about 20% on the conformity of the 
measured and simulated results, while those for copper, 
SiO2, and UO2 were about 1%, 3%, and less than 1%, 
respectively. These results indicate that samples having 
elements with higher rates of photoelectric absorption 
followed by fluorescence compared to scattering tend to 
decrease the effect of the environmental interferences over 
the entire spectrum. 

 

 

Fig. 13. Characterization of the concrete skin. Credits go to Rijkswaterstaat for the photo of the concrete structure on the right 
 

 

Fig. 14. Monte Carlo N-Particle Transport 6 (MCNP6) simulation of a primary X-ray beam source profile in vacuum and air 
media [125]. The accelerating voltage is 50 kV 
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• Filters 
 
hXRF has the possibility of using multiple filters. Filters 

are used to reduce the intensity of interfering lines and 
background, and hence improve the signal-to-noise ratio. 
Normally, background scatter is lower in the vacuum 
condition, which significantly improves resolution. Filters are 
placed between the source and the sample (Fig. 15). 
Commonly used filter materials are aluminium and brass with 
a thickness between 100 and 1000 µm, depending on the 
tube lines that have to be filtered out. Fig. 16 shows the effect 
of different filters implemented in the M4 TORNADO ED-XRF 
spectrometer on the chemical composition of a historical 
mortar [115]. The signal on the cementitious mortar was best 
when no filter was used. This should be considered when 
testing concrete surfaces. 

 
 
 
 
 
 
 

• Sample preparation. 
 
It is common practice to analyse powders with a 

conventional desktop XRF analyser. Powdering is a good 
way to counter mineralogical heterogeneity and is the main 
justification for sample preparation. If solid flat surfaces are 
used in geoarchaeology and tested with hXRF, the difference 
between those and the powdered samples is within counting 
errors, but not for some heavy elements such as Ti and Fe 
[109]. In general, there is no gain in instrumental precision 
by analysing powders instead of unprepared rock cores 
[127].  

Among the correctible elements, three groups can be 
proposed with regards to the accuracy of hXRF 
measurements on rock cores versus powders: the elements 
or oxides better determined on rock cores, those better 
determined on powders, and those that show similar results 
(Fig. 17) [127].This suggests that when measuring concrete 
surface composition, powdering should be investigated to 
demonstrate whether the testing of solid surface and 
powdered surface provides similar results and whether all 
concrete elements are acceptable in both media. 

 

 

Fig. 15. Scheme of hXRF, including: (1) X-ray source (rhodium tube); (2) filter (6 mil Cu, 1 mil Ti, 12 mil Al); (3) detector; as 
well as (4) beam path at 45°angle, adopted from [126] 

 

 

Fig. 16. A comparison of detection power using different filters implemented in the M4 TORNADO ED-XRF spectrometer 
applied to a historical mortar as an example of signal improvement [115] 
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Fig. 17. A Venn diagram represents the three groups of correctible elements: (1) elements better determined in situ on rock 
cores with respect to accuracy, (2) elements better determined on powders and (3) elements showing similar results 

regardless of the media. The diagram also shows the elements that are detected but not correctable. The following elements 
and oxides are determined in mining plus mode for best results: Al2O3, CaO, Fe2O3, MgO, MnO, Ni, SiO2, and Zr. The 

following elements and oxides are determined in soil mode for best results: Cr, K2O, Nb, Rb, Sb, TiO2 and Y. Adopted from 
[127] 

 
 

• Concrete surface roughness. 
 
Surface irregularities (e.g., pores, voids, cracks) on rough 

surfaces or in the middle layers of concrete (Figs. 18, 19) 
have the potential to store measurements. Particularly, 
moisture and air are retained in these irregularities. Thus, 
attention should be given to the sample preparation to find 
the optimal surface roughness and moisture for the 
contacting surfaces to achieve optimal performance of the 
hXRF measurements (avoiding air gaps and contact with 
water). Pretreatments such as grinding and polishing, 

significantly smooth the concrete surface, but they also may 
create different micrometer-sized irregularities. Thus, 
grinding, even if performed carefully, creates various 
irregularities of different shapes (such as scratches) that are 
produced by the abrasive particles in the grinding paper. The 
homogeneity of the microstructure, the level of purity, the 
size and distribution of aggregate particles, and other hard 
constituents (e.g., fibres) in the concrete matrix are the 
parameters that may influence the results.  

 

 

Fig. 18. Concrete middle section topography (measured by focus variation microscopy 20×, lateral resolution: 2 μm, vertical 
resolution: 50 nm) 
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Fig. 19. Three-dimensional height profiles of the concrete middle section (concrete middle section 
appearance is presented in Fig. 18.) 

 
 

• Low concentration elements detection. 
 
Regarding concrete contamination such as Cl and S, for 

their largely lower concentrations compared to, for instance, 
CaO or SiO2, a hXRF instrument may incorporate a calcium 
or lead-anode X-ray tube such as that used by Cesareo et 
al. [128] to determine Cl and S in frescoes and stone 
monuments. The detection limits were reported to be 0.04% 
m/m for Cl and 0.03% m/m for S. 

 

• Validation techniques. 
 
Petrography and the method of extracting elements with 

acids and then analyzing them with the inductively coupled 
plasma (ICP) technique are two destructive methods that can 
be used to study the composition of concrete. In addition, 
conventional XRF and Energy-dispersive X-ray 
Spectroscopy (EDS) may be used for the validation of hXRF 
results.  
 
6.2 Algorithms to automate the characterization and 

selective demolition of concrete structures 
 
With the rapid advances in data science concerning the 

easier manipulation of large datasets (big data), the 
development of machine learning regression models, the 
increasing use of building information modelling (BIM), digital 
twins, and the Internet of Things (IoT), significant benefits 
can be gained by the application of these methods to 
automating the characterization of concrete as well as the 
selective demolition of structures. 

For instance, an advanced terrestrial laser scanning 
(TLS)-based method automates the classification of rebar 

diameters using machine learning in order to enable 
accurate rebar spacing inspection [129]. In this method, a 
new methodology named Density based Modelling (DBM) is 
proposed to improve classification accuracy. Experimental 
tests on laboratory specimens with rebars of seven different 
diameters (D10-D40) were conducted, and the results show 

that the prediction accuracy for the large rebar diameter 

group (D25-D40) was up to 97.2%. However, it was found 

that its performance in predicting small rebar diameter 
groups (D10-D20) is much lower - around 56.0% [129]. 

Using data from both ground-penetrating radar (GPR) 
and electromagnetic induction (EMI), [130] a strategy based 
on deep learning is used to figure out the cover thickness 
and diameter of steel bars in reinforced concrete structures. 
The proposed framework is made up of two parts: 1) finding 
hyperbolic signals in radargrams, and 2) figuring out the 
diameter of reinforcement bars and the thickness of the 
cover. 

Non-destructive detection of steel reinforcement 
corrosion in concrete structures has been achieved using 
techniques such as ground penetrating radar [131]. Current 
inspection practices require a large amount of time for 
inspection and can pose a safety risk to inspectors. These 
drawbacks could be overcome by using ground robotic 
systems [131]. Furthermore, work is being conducted on the 
enrichment of Industry Foundation Classes (IFC) in BIM with 
data on damage and deterioration [132]. 

Finally, such technologies should preferably lead to BIM-
based frameworks and databanks of material stock for 
reusing recycled materials and entire structural members 
[133]. Efforts are already under way to develop BIM models 
of high level of development (LOD) enriched with data on the 
static, mechanical, and reuse properties of the built materials 
and members. From such models merged with LCA and 
multi-criteria decision-making tools and embedded in city-
wide platforms of building stock data, the concepts of „design 
from stock“ and „design with stock“ can successfully emerge 
[133] leading to a fully circular construction industry. 

7 Conclusions 

The various recycling technologies for concrete waste 
have greatly contributed to increasing the sustainability of 
waste management. However, mixed concrete streams are 
becoming more prevalent, and the quality of RCA is 
uncertain. Advanced solutions for recycling technology 
cannot address the quality issues of input concrete waste. 
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Therefore, a new workflow toward a more rational CDW 
management and the selective demolition of concrete 
structures in relation to concrete type characterization, is 
presented in this paper. Knowing the origin of RCA should 
aid in improving predictions of the impact of their use on the 
properties of new concrete by separating aggregate 
stockpiles based on parent concrete properties.  

This paper proposes a specific workflow to be 
implemented in demolition projects for parent concrete origin 
and quality identification before concrete structure 
demolition. Compressive strength, chemical composition, 
and contamination are selected for characteristic quality 
indicators and concrete classification. Parent concrete 
strength determines the physical and mechanical properties 
of RCA, such as energy of crushing and strength. The parent 
concrete composition can ensure that RCA have the 
appropriate application (aggregates, mineral addition for 
clinker manufacturing, pozzolanic material, filler). 
Contamination evaluation can ensure that the contaminated 
concrete is kept apart. Non-destructive testing methods are 
proposed to estimate the quality of the concrete before 
demolition. A hXRF analyser could potentially be used for 
concrete composition measurements in situ.hXRF should be 
considered a preliminary screening tool for concrete quality 
selection and not a substitute for conventional chemical 
methods (e.g., desktop XRF, fusion ICP-ES and ICP-MS). 
The hXRF possesses many advantages, including non-
destructive testing, large numbers of analysed spots, high 
sensitivity, compatibility with lab techniques for material 
characterization, and easy installation and maintenance. 
Further research is dedicated to the laboratory proof of a 
proposed characterization approach for concrete quality 
assessment. 

Considering the above presented evidence, it can be 
concluded that the practical application of non-destructive 
concrete characterization for the purposes of selective 
demolition can significantly increase the sustainability of the 
construction industry, unlocking a huge potential for 
optimized material recovery and reuse and contributing 
greatly to a fully circular construction sector. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

To develop a sustainable concrete solution, the aggregates and cement in the 
concrete mixture were partially replaced with Cocos nucifera endocarp (coconut 
shell) aggregate and biomass ash (sugarcane bagasse ash) respectively. The fresh 
and hardened properties were studied for three types of mixes (i) the concrete mix 
with 10-30% replacement of cement with bagasse ash (BA), (ii) Bagasse ash 
concrete mix with scrap steel fiber and (iii) Bagasse ash concrete with scrap fiber 
and 10 - 50% coconut shell aggregate. The fresh property of concrete is positively 
influenced by the addition of bagasse ash. With the addition of scrap fibers and 
coconut shell the workability reduces by 47% when compared to the control mix. 
The slump values recorded for all the mixes were within the permissible limit. The 
density of concrete decreases with the inclusion of bagasse ash and coconut shell 
which helps reduce the dead weight of structural elements. The mechanical property 
of concrete increased by 5%, 6% and 8% in compression, split and flexure modes 
respectively, for 10% bagasse ash steel fiber reinforced concrete. Replacement of 
gravel with coconut shell affects the strength properties, but all the values were 
within the permissible limit for structural concrete application. The SEM image 
analysis showed that the porosity increased with coconut shell content. From the 
fresh and hardened concrete test results, it was observed that the coconut shell, 
bagasse ash and scrap fiber can be effectively used as substitutes for concrete 
ingredients to develop a sustainable fiber reinforced concrete solution. 
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1 Introduction 

Urbanization results in the rapid depletion of natural 
resources at high speed and leads to the large amounts of 
energy consumption. Concrete, being the important material 
in the construction industry, consumes tons of cement, sand, 
and gravel. Concrete production per person in developed 
countries ranges between 1.5 and 3 tonnes per year. At this 
rate of consumption, it is difficult to meet the resource 
requirements for our future generation [1]. Therefore, in order 
to maintain sustainability and reduce the consumption of 
natural resources at a faster rate, the major ingredients in 
concrete, namely cement and aggregate are replaced with 
new sustainable materials. The sustainable materials are 
either industrial waste byproducts or agricultural waste 
byproducts which reduce CO2 emissions, and the dumping 
waste on open land, thereby reducing environmental 
pollution without compromising the strength  of concrete and 
concrete composites [2]. Out of the total natural resource 
consumption, coarse aggregate contributes about 70-80% of 
the total amount; therefore, more focus is given to alternative 
aggregate materials such as copper slag, steel slags, 
sintered fly ash aggregate, and agricultural waste such as 
palm shell, coconut shell, kernel shell etc. These byproducts 
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and waste materials are used as replacements for mineral 
gravel aggregate. Compared to high density industrial waste 
(slags), agricultural waste has a lesser density, better sound 
insulation, thermal resistance, cost-effective and is also 
easily renewable.  Out of the different shells available as a 
substitute for gravel aggregate, coconut shell is the most 
preferred aggregate due to its hard texture and better volume 
stability [3]. In addition to natural aggregate replacement, 
much research is also being carried out to reduce the cement 
consumption in concrete, in which, cement is replaced with 
low carbon alternative materials with better pozzolanic 
property. Recently, the use of biomass ash such as corn cob 
ash, rice straw ash, bagasse ash, rice husk ash, palm oil fuel 
ash, etc. has increased because of its renewable nature. 
Compared to fly ash which has excellent pozzolanic 
properties and is obtained as the combustion residue of coal 
(non-renewable), biomass ash is preferred in the 
construction industry [4]. Using such agro-waste as cement 
and aggregate replacement in the concrete reduces the cost 
of construction and also reduces the environmental pollution 
caused by the disposal of those wastes in open land [5]. 
Aside from cement replacement and natural coarse 
aggregate replacement, several studies on the mechanical 
behaviour and durability characteristics of fiber-reinforced 
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concrete have been conducted over the last two decades. A 
variety of synthetic fiber and plant fibers such as polyolefin, 
glass, carbon, polypropylene, banana fiber, sisal fiber, 
caryota fiber, roselle fiber, jute fiber, and coconut fiber are 
used as reinforcement in concrete nowadays to improve the 
mechanical strength and ductility characteristics of both 
normal and light weight aggregate concrete 
[6],[7],[8],[9],[10], [11]. Even though synthetic fibers have 
better thermal resistance, mechanical strength and 
durability, when compared to natural fibers, plant fibers are 
much preferred nowadays, due to their low cost and highly 
renewable nature[12],[13],[14],[15]. Using steel fibers of 
different aspect ratios and origins helps enhance the 
mechanical properties of concrete [16]. Recently much 
research has been carried out using steel fibers as 
reinforcement in both normal and light-weight concrete to 
reduce the brittleness of the material and improve its tensile 
properties [17],[18]. From the knowledge gained, this 
research paper will mainly focus on using coconut shell (CS) 
aggregate as the partial replacement for natural gravel 
aggregate, bagasse ash (BA) as a partial replacement of 
cement, and lathe industry scrap steel fibers (SrF) as fiber 
reinforcement.  

2 Recent studies on light weight coconut shell 
concrete 

Much research has been carried out using coconut shell 
as a partial or complete replacement for natural gravel 
aggregate. Gunasekaran et al. conducted extensive 
research on the strength properties, structural behaviour, 
bond characteristics, long-term compressive and bond 
strengths, plastic shrinkage, and deflection characteristics of 
coconut shell concrete, proving that the bond property of 
coconut shell concrete is higher than the values predicted by 
standard codes, and that the density and compressive 
strength of concrete increase as the percentage of coconut 
shell concrete decreases. The plastic shrinkage area 
decreases but the deflection increases with the amount of 
coconut shell replacement. Studies on Coconut Shell 
Concrete (CSC) pipes subjected to hydrostatic pressure 
showed that the coconut shell can be used as a partial 
replacement for aggregate in reinforced cement concrete 
pipes used for various hydrological applications in medium 
traffic locations. [19],[20],[21],[22],[23]. Results on the 
durability properties of CSC showed that the water 
absorption, permeable voids, chloride penetration, and 
temperature resistance are much more comparable to other 
light-weight aggregate concrete. The coconut shell 
aggregate absorbs water which helps in the hydration 
process and proper curing conditions are to be adopted to 
achieve better durability characteristics of coconut shell 
concrete [24]. In addition to the CS aggregate, coconut shell 
ash when added to concrete at 10 % cement replacement, 
has a negative effect on the workability of CS concrete. But 
the splitting and compressive strength of modified CSC with 
10% ash and 5% aggregate subjected to elevated 
temperature showed better performance, when compared to 
concrete with only 5% coconut shell aggregate [25]. The 
coconut shell aggregate concrete with different percentage 
of replacement of fly ash showed higher deflection, which 
proves that the CS aggregate reduces the brittleness and 
improves the ductility of  concrete [26]. Addition of different 
percentage of sisal fibers , steel fibers and polypropylene 
fibers along with coconut shell aggregate improves the 
mechanical property mainly the tensile strength of lightweight 
concrete [2]. In addition to coconut shell, the biochar 

obtained from the burnt coconut shell is used to reduce the 
plastic shrinkage cracks in silica fume cement binder 
concrete [27]. Addition of coconut fiber in CS aggregate 
concrete also help to improve the tensile strength of coconut 
shell concrete [28]. Different plant fibers, steel fibers and 
synthetic fibers are used as the fiber reinforcement in 
lightweight coconut shell concreteto improve the tensile and 
flexural strength properties of coconut shell 
concrete[29],[30]. To reduce cement consumption and 
carbon-dioxide emission different pozzolanic industrial and 
agricultural waste such as fly ash, bagasse ash, quarry dust, 
coconut char, Coconut Ash has been used as partial 
replacement for cement [31],[32],[33]. Research work carried 
out using crushed CS and synthetic biomass modified CS 
aggregate showed that modified biomass CS concrete has 
excellent thermal resistance, and can be used as an 
excellent energy saving building material. Recent research 
on fiber reinforced coconut shell concrete and its research 
significance is tabulated in Table 1. 

3 Research significance  

From the literature study, it can be seen that, many new 
lightweight aggregates are being identified and added to 
concrete as a substitute for gravel to produce lightweight 
concrete, and different strength properties are being studied. 
Coconut shell is used as a substitute for natural gravel 
aggregate because it is the hardest and most popular light 
weight aggregate available in most Asian countries. The 
mechanical properties, bond characteristics, durability 
properties, plastic shrinkage behaviour and beam deflection 
characteristics of CSC were studied in detail by many 
researchers. These properties were tested in different types 
of concrete mix either by using coconut shell as partial or 
complete replacement for gravel aggregate. Along with 
coconut shell aggregate, pozzolanic binder materials such as 
fly ash, silica fume and coconut char were used as partial 
replacements for binder. In addition, to the above-mentioned 
substitution in concrete, some metal fibers, synthetic fibers 
and natural fibers such as steel fibers, polypropylene fibers, 
sisal fibers, coconut fibers etc. were used in different 
percentages of the volume of concrete, to reduce the 
brittleness in concrete and impart ductility to lightweight fiber 
reinforced concrete. From the literature study it was identified 
that the study on bagasse ash and coconut shell aggregate 
concrete with scrap steel fibers as reinforcement had not 
been studied so far. Therefore, this research work focuses 
on the properties of scrap steel fiber reinforced coconut shell 
concrete with bagasse ash as a partial replacement for 
cement.  

4 Experimental methodology  

4.1 Material characterization 
 
The materials used for the preparation of concrete mix 

include cement, gravel aggregate, coconut shell aggregate, 
M – Sand, Bagasse Ash (BA), water reducing admixture and 
portable water.  The sugarcane bagasse ash was received 
from a sugarcane mill located at virudhachalam district, 
Tamilnadu, India. To obtain the BA, sugarcane fiber was 
heated in a muffle furnace at 10°C /min. The burnt ash was 
subjected to a high temperature of 900°C for 2 hours and 
then the ash trays were allowed to cooled in the open air. 
After proper cooling, each sample was ground in a ball mill 
at 66 rpm, until the fineness of the BA sample was within the  
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range of cement (2750 cm2/g). The pictures of sugarcane 
crushed fibers, burnt fiber and sieved bagasse ash is shown 
in Figure 1(a-c). The elemental composition of cement and 
bagasse ash showed silica contents of 23.86% and 56.37%, 
respectively. The calcium oxide of the cement binder is about 
50.76%, while the Loss on Ignition (LOI) for cement and 
bagasse ash is around 6-10%. The elemental composition of 
bagasse ash is within the limit specified by ASTM standards 
for pozzolana.  The detailed chemical composition of cement 
and BA is listed in Table 2. The XRD of BA ash showed a 
high range of reactive silicas and oxides, as shown in Figure 
2. The coconut shells were procured from the coconut mandi 
located at Thiruporur, Kanchipuram district, Tamilnadu. The 
dry coconut shell was crushed using a crusher in such a way 
that the gradation of the broken coconut shell ranges from 

4.75 mm to 12 mm aggregate size to achieve high packing 
density. The coconut shells collected from the coconut mandi 
and the broken coconut shell of size 4.75 mm to 12 mm are 
shown in Figure 3. To improve the strength of CSC, scrap 
steel fiber (Figure 4), stored as waste in the manufacturing 
laboratory was collected and used as fiber reinforcement. 
The length of the fibers was cut to 20-40 mm and the 
diameter of the scrap steel fibers varies from 0.5 -0.7 mm. 
The physical properties of coconut shell gravel and scrap 
steel fiber are listed in Table 3. The Scanning Electron 
Microscope (SEM) image showing the uniform crystalline 
structure of cement particles and image of bagasse ash with 
spherical, cuboidal and polygonal particles along with porous 
structure of coconut shell are shown in Figure 5 (a-c). 

 

 

Figure 1.(a) Sugarcane fiber (b) burnt bagasse ash (c) sieved bagasse ash 
 

Table 2. Chemical properties of cement and bagasse ash 

Material SiO2 Al2O3 Fe2O3 CaO P2O5 Na2O K2O MgO LOI 

Cement 23.86 5.77 2.19 50.76 0.12 0.91 0.92 1.36 6.97 

Bagasse Ash 
(BA) 

56.37 14.61 5.04 2.36 0.85 1.57 3.29 1.43 10.53 

 

 

 

Figure 2. Elemental composition of bagasse ash 

         
(a) (b) (c) 
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Figure 3.(a) Coconut shells (b) broken shells of 4.75-12 mm sizes 
 

 

Figure 4. Scrap steel fiber  
 

Table 3. Physical property of coconut shell and scrap steel fiber 

Physical 
Properties 

 

Specific 
Gravity 

Crushing 
Value 

(%) 

Impact 
Value 
(%) 

Water 
Absorption 

(%) 

Fineness 
Modulus 

Bulk 
Density 
(kg/m3) 

Abrasion 
value 
(%) 

Crushing 
value (%) 

Gravel 2.85 20.2 18.6 0.66 6.79 1.68 10.5 20.5 

Coconut 
shell 

1.20 2.58 8.15 24 6.26 550 1.8 2.67 

Physical 
Properties 
of scrap 
steel fiber 

Cross-
section 

Diameter 
(mm) 

Length 
(mm) 

Unit Weight 
(kg/m3) 

Elasticity 
modulus 
(N/mm2) 

Tensile 
strength 
(N/mm2) 

Aspect 
ratio (%) 

Elongation 
(%) 

deformed 
and 

straight 
0.3 – 0.75 5 – 20 7850 2x105 

500 – 
3000 

45 – 100 5 – 35 

 

 

Figure 5. SEM image of (a) cement; (b) bagasse Ash with polygonal (A), cuboidal (B) and spherical (C) shaped               
particles; (c) coconut shell 

  

 

        

(a) (b) 

      
(a) (b) (c) 
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4.2 Mix proportions and specimen ID 
 
Before the preparation of the concrete mix, the broken 

shell was immersed in a water tub for 48 hours, to prevent 
the absorption of water by coconut shell from the wet 
concrete mix. The control mix's ingredients, namely cement, 
sand, coarse aggregate, water, and plasticizer, were mixed 
in the following proportions: 1:1.64:1.72: 0.32: 0.01. River 
sand of specific gravity of 2.37 and a fine modulus of 2.9 was 
used as fine aggregate. Totally, ten mixes were prepared, 
the first mix is the control mix without any mineral admixtures 
and 100% cement (CM). The second set of mixes was the 
bagasse ash replaced concrete mix, in which the bagasse 
ash was replaced at 10-30 % by weight of cement and 
designated as CM-10BA, CM-20BA, CM-30BA for 10%, 20 
% and 30% of replacement of cement respectively. From the 
second set of mix the optimum percentage of BA 
replacement was determined and the same percentage of 
replacement of BA was maintained for the third set of 
concrete mixes. For the third set, a total of six mixes were 
prepared, starting with a concrete mix with 10% BA, 3% 
scrap steel fiber and 100% gravel aggregate (CM-BA-SrF). 
In the remaining mixes, the coarse aggregate was replaced 
at a percentage of 10-50% with coconut shells. Along with 
the coconut shell addition, 10% of BA and 3% steel fiber were 

maintained constant throughout all the mixes. The mixes 
were identified as CS1-BA-SrF for 10 % coconut shell 
replacement, 10% BA and 3% scrap fiber. Similarly, the other 
mixes were identified accordingly. The mix proportions are 
listed in Table 4. 
 
4.3 Testing of specimens 

 
The workability of control and coconut shell concrete was 

determined by conducting a slump cone test. The slump 
values were noted for each mix and only one trial was done 
for the slump cone test. The fresh density and hardened 
density of each mix were calculated by measuring the weight 
of the specimen in the fresh state, hardened state and after 
oven drying. The strength properties of concrete specimens 
were assessed by conducting compressive strength tests on 
a cube of 150 mm size, splitting tensile strength test on 
cylinder specimens of dimensions 150 mm × 300 mm, 
flexural strength tests on a 100 mm ×100 mm × 500 mm 
beam, and modulus of elasticity tests on a 150 mm × 300 
mm cylinder. The test set used to measure the strength 
properties is shown in Figure 6 (a-e). For the hardened 
concrete test, three specimen readings were noted and the 
average value of the strength properties were calculated and 
tabulated in Table 5. 

 

Table 4. Mix proportions 

 

 

Figure 6. Fresh and hardened concrete test setup 

Specimen ID 
Cement 
(kg/m3) 

Bagasse 
Ash 

(kg/m3) 

Sand 
(kg/m3) 

Coarse 
Aggregate 

(kg/m3) 

Coconut 
shell 

(kg/m3) 

Scrap steel 
fiber 

(kg/m3) 

Water 
content 
(kg/m3) 

Super 
plasticizer 

(kg/m3) 

CM-1 500 - 970 1010 - - 160 5 

CM -10 BA 450 50 970 1010 - - 160 5 

CM -20 BA 400 100 970 1010 - - 160 5 

CM -30 BA 350 150 970 1010 - - 160 5 

CM-BA-SrF 450 50 970 1010 - 15 160 5 

CS1-BA- SrF 450 50 970 924 37 15 160 5 

CS2-BA- SrF 450 50 970 838 74 15 160 5 

CS3-BA- SrF 450 50 970 752 111 15 160 5 

CS4-BA- SrF 450 50 970 666 148 15 160 5 

CS5-BA- SrF 450 50 970 580 185 15 160 5 
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Table 5. Density and workability properties of control and coconut shell concrete  

 

 

 

 

 

 

 
 
 
 
 

 
 

 
5 Results and Discussion 

An experimental study was done to understand the fresh 
and hardened properties of coconut shell scrap steel fiber 
reinforced concrete. The fresh density, hardened density and 
slump values were measure for all the mixes and tabulated. 
Similarly, the hardened concrete test such as compressive, 
split, modulus of elasticity and flexural properties were 
measured and tabulated.  
 
5.1 Density of scrap steel fiber reinforced CS concrete 

 
For each mix, the fresh weight of the concrete specimen, 

the weight of the demolded specimen, weight of the 
specimen following 24 hours of air drying, and the final 
weight of the specimen following 24 hours of oven drying at 
120°C were measured. The fresh density, air-dried density, 
and oven-dried density were determined and summarised in 
Table 5. Normally the density of light weight aggregate 
concrete varies between the range of 1600-2000kg/m3, but 
in the present study the gravel aggregate was partially 
replaced with CS, and therefore the oven dry density of 
coconut shell concrete varied from 2255-1995kg/m3, in 

which, the CS5-BA-SrF mix with 50% replacement of CS falls 
under the category of light weight concrete. For the control 
mix (CM) the density of concrete was around 2560 kg/m3, as 
the cement content was partially replaced with 10-30% BA, 
the dry density decreased from 2433kg/m3 to 2350kg/m3. 
This is because, specific gravity of BA ranges is lesser when 
compared to cement. Therefore when cement is replaced 
with BA, a higher volume of concrete will result in a lesser 
density [38]. For 10%, 20% and 30% replacement of cement 
with BA, the density reduction is approximately around 5%, 
7% and 8% respectively. The addition of SrF to BA replaced 
concrete (CM-BA-SrF) slightly increased the density from 
2433 kg/m3 to 2530 kg/m3, due to the addition of steel fiber. 
For the third set of mixes namely the coconut shell concrete, 
the density decreases with the increased percentage of CS. 
For 10% replacement of CS the wet density and dry density 
were around 2563 kg/m3 and 2255 kg/m3 respectively. As the 
replacement percentage increases to 50%, the wet density 
and dry density decrease to 2010 kg/m3 and 1995 kg/m3. The 
variation of density for the control mix (CM) and BA concrete 
mix with BA(CM-BA) and coconut shell BA concrete with 
scrap steel fiber (CS-BA-SrF)) is shown in Figure 7.  

 

 
Figure 7. Wet density, air dried density and oven dried density of CS-SrF reinforced concrete 
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Specimen ID 
Wet density 

(kg/m3) 

Demolded 
density 
(kg/m3) 

Air dried 
density 
(kg/m3) 

Oven dried 
density 
(kg/m3) 

Slump 

CM 2708 2631 2625 2560 85 

CM -10 BA 2645 2504 2489 2433 78 

CM -20 BA 2610 2480 2425 2390 76 

CM -30 BA 2590 2455 2394 2350 75 

CM-BA-SrF 2693 2593 2581 2530 73 

CS1-BA-SrF 2563 2323 2311 2255 65 

CS2-BA-SrF 2347 2299 2290 2228 61 

CS3-BA-SrF 2240 2246 2222 2160 56 

CS4-BA-SrF 2169 2169 2160 2100 52 

CS5-BA-SrF 2010 2107 2077 1995 45 
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The linear empirical equations that relate the percentage 
of coconut shell content to the density of concrete are given 
by equation (1). It can be observed that a very high 
coefficient of determination (0.96) was obtained. The linear 
regression plot to correlate density with the compressive 
strength is shown in Figure 8 and the developed equation 
with a high regression value (R2 = 0.91) is given by equation 
(2).  

D = -64.8 CS% + 2342 (1) 

D = 298.59√fc’ + 549.47  (2) 

5.2 Workability of scrap steel fiber reinforced CS concrete 
 
The slump test is very frequently used to measure the 

flowability of concrete. The slump values determine the ease 
with which the concrete flows and is placed in the mould. The 
slump value recorded for the present work is listed in Table 
5. The variation of slump for the control mix, concrete mix 
with BA and coconut shell concrete mix with scrap steel fiber 
is shown in Figure 9. Previous research work suggested that 
the slump of conventional concrete varies from 100-125 mm, 
while that of lightweight aggregate concrete ranges from 50 
mm to 75 mm [40]. In the present study, the slump value of 
coconut shell concrete ranged between 65 mm and 45 mm. 
The slump value recorded for the control mix was 85 mm, 
which increased with the amount of bagasse ash in concrete. 
With the addition of 10%, 20% and 30% of BA the slump 

value increases to 89 mm, 90 mm, 92 mm respectively. The 
reason for this increase in the workability is that, the bulk 
density of BA which is less than cement, fills small pores in 
the cement matrix, occupies more volume in the concrete 
mix making it less permeable and more flowable. Therefore, 
the addition of  mineral admixtures up to 5-20% increases 
the workability of concrete [38]. The addition of steel fibers 
hinders the movement of aggregate and thereby reduces the 
workability of fresh concrete. The workability of CM-BA-SrF 
concrete reduces from 89 mm to 73 mm with the addition of 
3% of scrap steel fiber. The workability of coconut shell scrap 
steel fibre reinforced concrete is further reduced to 65 mm, 
61 mm, 56 mm, 52 mm, and 45 mm for 10%, 20%, 30%, 
40%, and 50% coarse aggregate replacement, respectively. 
The irregular shape of coconut shell and the flaky nature of 
coconut shell tend to reduce the workability of concrete. The 
correlation between the slump and CS percentage for all the 
concrete mixes is shown in Figure 10. The correlation 
equation relating the slump (S) with the percentage of 
replacement of coconut shell (CS%) is given by equation (3). 
The correlation equation predicted by other researchers, for 
CS concrete with steel fiber [36]; CS concrete with sisal fiber 
[2] is given by equations (4) and (5) respectively.   

S = -0.6971CS% + 78.095  (3) 

S = -48 SF + 74 (4) 

S = -8.5 SiF + 72 (5) 

 

 

Figure 8. Correlation of density with compressive strength0.5 

D = 298.59√fc' + 549.47

R² = 0.9147

500

1000

1500

2000

2500

3000

4.50 5.00 5.50 6.00 6.50 7.00

D
en

si
ty

 (
D

) 
 (

k
g
/m

3
)

Compressive strength0.5 (√fc') (MPa)        



Influence of biomass ash and coconut shell in scrap steel fiber reinforced concrete 
 

 
Building Materials and Structures 66 (2023) 25-41  33 

  

Figure 9. Variation of slump for control and coconut shell concrete 

 

 

Figure 10. Correlation relation of slump with the percentage replacement of CS 
 

 
5.3 Compressive Strength  
 

The hardened concrete test was done after 28 days of 
water curing, and the values are listed in Table 6. The 
variation of compressive strength of concrete for control mix, 
bagasse ash concrete mix and fiber reinforced coconut shell 
concrete mix is shown in Figure 11. In the current study, 10% 
cement replacement with BA increases compressive 
strength from 40.01 MPa to 41.94 MPa, which is about 4% 
higher than the control mix. Previous research on bagasse 
ash concrete, proved that the strength of concrete, increased 
with a 5-10% substitution of cement with BA. Beyond 10% 
the strength is slightly affected [38]. The increase in strength 
properties is due to the high silica content of BA which is 
obtained during the burning process of sugarcane fiber at 
800°C in control chamber. The silica content in BA has 
excellent pozzolanic property which helps to improve the 
strength of concrete [30]. Also the lower bulk density of BA 
occupies small pores in the concrete mix which reduces the 
permeability and also increases the compressive strength 
[4]. From the tabulated values it can be concluded that, out 

of three types of cement replaced bagasse ash concrete mix, 
the concrete mix with 10% BA showed increase in 
compressive strength. Our present result matches well with 
the previous research findings on BA replaced concrete. 
Therefore, 10% replacement of cement with BA was adopted 
as standard for other mixes with coconut shell and scrap 
steel fibers. The fibre in the fiber-reinforced BA concrete mix 
holds the aggregates and cement matrix together and 
effectively distributes the crack, delaying the formation of a 
major crack plane and increasing load carrying capacity. The 
compressive strength of fiber reinforced BA concrete (CM-
BA-SrF) showed up to 2% increase in strength compared to 
unreinforced mix (CM-10BA). It was proven from the authors 
previous research work that, up to3% of fiber addition will 
help to improve the strength of fiber reinforced concrete [8]. 
Therefore 3% of steel fibers added were maintained for the 
remaining concrete mixes with coconut shell.The Scanning 
Electron Microscope (SEM) image of 20% and 30% CS 
concrete along with the failed specimen is shown in Figure 
12 (a-d).   
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Table 6. Strength properties of control and coconut shell steel fiber reinforced concrete 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For the coconut shell fiber reinforced concrete, the 
compressive strength decreases with the increase in coconut 
shell percentage. When coarse aggregate is replaced with 
coconut shell, the strength decreases from 42.95 MPa to 
35.54 MPa, 33.11 MPa to 29.11 MPa, and 25.88 MPa to 
23.17 MPa. According to previous research findings, the 
compressive strength of steel fibre coconut shell concrete 
was approximately 35.6 MPa [36], and the compressive 
strength of polypropylene fibre reinforced coconut shell 

concrete was approximately 36.8 MPa [37]. Without fiber 
reinforcement, Gunasekaran et al [19] were able to achieve 
a compressive strength of 26.7 MPa. Therefore, the present 
research finding is well within the acceptable range of 
previous research findings. The compressive strength values 
of all the CS-BA-SrF reinforced concrete satisfied the 
minimum requirement of structural lightweight concrete 
(20MPa) for all percentages of replacement of CS.  

 

 

Figure 11. Compressive strength of control, BA concrete and coconut shell scrap steel fiber concrete  
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Specimen ID 
Compressive 

Strength 
(N/mm2) 

Splitting 
Tensile 

Strength 
(N/mm2) 

Flexural 
Strength 
(N/mm2) 

Modulus of 
Elasticity  

(GPa) 

CM 40.01 3.76 4.43 27.39 

CM -10 BA 41.94 3.89 4.62 28.04 

CM -20 BA 38.54 3.65 4.35 26.88 

CM -30 BA 36.67 3.54 4.29 26.22 

CM-BA-SrF 42.95 3.98 4.78 29.23 

CS1-BA-SrF 35.54 3.56 4.47 27.10 

CS2-BA- SrF 33.11 3.31 4.23 25.40 

CS3-BA- SrF 29.11 3.11 4.18 24.23 

CS4-BA- SrF 25.88 2.97 4.01 23.11 

CS5-BA- SrF 23.17 2.87 3.91 21.20 
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Figure 12. (a &c) SEM image of CS concrete showing the dense and porous Calcium-Silicat-Hydrate (C-S-H) region; (b &d) 
tested CS cube specimen 

 

 
5.4 Split tensile strength 
 

The splitting tensile strength values of all the concrete 
mixes are listed in Table 6. The variation of splitting tensile 
strength for all the mixes is shown in Figure 13. The splitting 
tensile strength of the control mix was 3.76 Mpa, which 
increased by 3.5% with the addition of 10% BA. Similar to 
compressive strength, the tensile strength also showed an 
increase in the splitting tensile strength for 10% of BA, 
beyond which the splitting tensile strength decreases. For 
the fiber reinforced mix, the addition of 3% scrap steel fiber 
increases the tensile strength from 3.89 to 3.98 MPa. As the 
steel fibers have a higher tensile strength, the fiber binds the 
aggregate and the cement matrix together, preventing 
propagation of cracks and helping to improve the tensile 
strength. For fiber reinforced coconut shell concrete, the 
tensile strength decreases with an increase in the 
percentage of coconut shell. The density of CS aggregate, 
the orientation of the aggregate, the bond between the 
aggregate and the cement matrix, or the thin shape of 
coconut shell aggregate all contribute to a reduction in 
strength properties [30]. Fracture of CS aggregate was not 
identified in any of the tested specimens, which proves that 
the brittle nature of CS does not affect the strength of 
concrete when used as replacement for conventional 
aggregate [19]. Figure 14(a-f) depicts the tested specimen 
with the irregular orientation of CS aggregate and uncrushed 
CS aggregate after loading. For 10%, 20%, 30%, 40% and 
50% CS aggregate scrap steel fiber reinforced concrete the 

splitting strength was 3.56 MPa, 3.31 MPa, 3.11 MPa, 2.97 
MPa and 2.87 MPa. Despite the fact that the strength 
decreases as the percentage of CS replaced increases, the 
splitting tensile strength recorded for all of the coconut shell 
scrap fibre mixes was well within the minimum splitting 
tensile strength requirement (2 MPa) for structural light 
weight concrete. In the previous research work, the Splitting 
tensile strength values of coconut shell brick aggregate 
concrete with 0%, 5%, 10% and 15% of CSwere about 2.75, 
2.87, 2.25 and 2.09 MPa, respectively[41]. Prakash et al [37] 
reported that inclusion of polypropylene fibres showed a split 
tensile strength 0f 3.12 Mpa and 3.65 MPa for full and partial 
replacement of coconut shell. The addition of steel fibers 
showed improved splitting tensile strength of 4.25 Mpa for 
partially replaced coconut shell concrete [36].  

Figure 15 depicts the linear regression plot used to 
develop a correlation between compressive strength and 
splitting tensile strength. The empirical equation developed, 
to correlate splitting tensile strength with compressive 
strength with a high regression value (R2 = 0.98) is given by 
equation (6). The previous research equations correlating 
splitting tensile strength with the compressive strength of 
coconut shell concrete with sisal fiber, polypropylene fiber 
and steel fiber reinforcement are given by equations (7), (8) 
and (9) respectively. The developed relation matches well 
with the previous researchers’ equations.  
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𝑓𝑡(𝑆𝑟𝐹) =  0.65√𝑓𝑐 (6) 

𝑓𝑡(𝑆𝑖𝐹) =  0.531√𝑓𝑐 (7) 

𝑓𝑡(𝑃𝑃𝐹) =  0.66√𝑓𝑐 (8) 

𝑓𝑡(𝑆𝐹) =  0.82√𝑓𝑐 (9) 

 

 

Figure 13. Splitting tensile strength of control, BA concrete and fiber reinforced coconut shell concrete  

        
 

        

Figure 14. (a-e) Failed specimen of 10%,20%,30%,40% and 50 % CS concrete; (f) increase in voids with CS% 
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Figure 15. Regression plot of splitting tensile strength and compressive strength 
 
 
5.5 Flexural Strength 

 
The flexural strengths of normal and coconut shell fiber 

reinforced concrete are given in Table 5. The flexural 
strength of control specimen was 4.9 MPa which increased 
by 8.5% for a 10% replacement of cement with BA. Similar 
to compression and splitting tensile strength, the flexural 
strength also increases with the addition of 10% of BA, 
beyond which the strength reduces. For the fiber reinforced 
mix the strength increased by 16 % with the addition of 3% 
scrap steel fiber when compared to control mix (CM). The 
post-peak toughness of the beam under flexural load is 
increased by the addition of fiber. All the fibers embedded in 
the concrete matrix are involved in the stress transfer, which 
continues until the failure of the specimen, which occurs after 
the ultimate capacity of the fibers is reached. The failure 
pattern of the beam and the fiber involved in the bridging of 
cracks is shown in Figure 16. For the coconut shell fiber 
reinforced mix, the flexural strength values vary from 5.32 
MPa, 5.21 MPa, 5.11 MPa, 4.98 MPa and4.78 MPa for 10%, 
20%, 30%, 40% and 50% CS fiber reinforced concrete 
respectively. The variation of flexural strength is shown in 
Figure 17. In the previous work, the addition of sisal fiber 
showed a flexural strength of 5.7 MPa, which corresponds 
to22% increase in the flexural strength for a 4% addition of 
sisal fiber [43]. Similarly, Gunasekaran et al reported a 
flexural strength of 4.78 Mpa without any fiber reinforcement 
[19]. The present flexural strength values agree well with the 
previous research findings. The linear regression plot to 
develop a correlation between the compressive strength and 
flexural strength with a high regression value (R2 = 0.91) is 
shown in Figure 18. The developed equation relating flexural 
and compressive strengths is given by equation (10). The 

previous research equation correlating flexural strength with 
the compressive strength of coconut shell concrete with sisal 
fiber, polypropylene fiber and steel fiber reinforcement are 
given by equations (11), (12), and (13), respectively. The 
developed relation matches well with the previous 
researchers’ equations. 

𝑓𝑟(𝑆𝑟𝐹) =  0.416√𝑓𝑐 (10) 

𝑓𝑟(𝑆𝑖𝐹) = 0.495𝑓𝑐
2
3⁄  (11) 

𝑓𝑟(𝑃𝑃𝐹) = 0.562𝑓𝑐
2
3⁄  (12) 

𝑓𝑟(𝑆𝐹) = 0.58𝑓𝑐
2
3⁄  (13) 

 

 

 

Figure 16. Fibers involved in the crack arresting process 
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Figure 17. Flexural strength of control, BA concrete and coconut shell scrap steel fiber concrete 
 

 

Figure 18. Regression plot of flexural strength Vs compressive strength 
 
 
5.6 Modulus of Elasticity 
 

Within the elastic region, the ratio of stress and 
corresponding strain measures the value of the modulus of 
elasticity (MoE) of concrete. Since concrete is a brittle 
material, the addition of steel fibers helps to improve the 
strength properties, mainly the compression, tension, and 
flexural strengths, thereby increasing the modulus of 
elasticity value. The variation of MoE for coconut shell BA 
fiber reinforced concrete is shown in Figure 19. For the 
control specimen the MoEwas 27.3 GPa which slightly 
increased to 28.04 GPa with the addition of 10% BA. The 
silica content in BA helps to improve the paste's strength by 
forming a dense Calcium -Silicate-Hydrate (C-S-H) region. 
For the increase in BA content beyond the MoE decreases, 
which is similar to the compression, tension and flexural 
strength value. For the addition of fibers, the MoE increase 
to 29.23 GPa which is about a 7% increase when compared 
to control mix. The MOE decreased with increasing 
percentage of gravel replacement with coconut shell for the 
third series of specimens, namely the fiber-reinforced CS 

concrete specimens. For the third series of specimen namely 
the, fiber reinforced CS concrete specimens, the MoE 
decrease with the increase in the percentage of replacement 
of gravel with coconut shell. For 10%, 20%, 30%, 40% and 
50% CS fiber reinforced concrete the MoE value was 
27.1GPa, 25.4 GPa, 24.2 GPa, 23.1 GPa and 21.2 GPa 
respectively. The voids in the concrete mix increase with the 
amount of CS, which also reduces the strength of the 
concrete and thereby the MoE value. The previous research 
on coconut shell concrete with polypropylene fibers reported 
anincrease in MoE of 8% for 50% addition of fiber volume. 
Which matched well with the present result. Coconut shell 
concrete with GGBS slag as cement replacement reached a 
MoE of 8 GPa [44], low value of MoE was due to the absence 
of fiber reinforcement. Similarly CS concrete with sisal fiber 
showed a MoE of 16 GPa for 3% addition of sisal fiber [45]. 
Therefore, it can be concluded that, addition of BA and scrap 
steel fibers helps to reduce the strain in the concrete for the 
applied compression load, thereby increasing the Modulus of  
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Figure 19. Modulus of elasticity of control, BA concrete and coconut shell scrap steel fiber concrete 
 

 

Figure 20. Regression plot of Modulus of elasticity Vs compressive strength 
 
 
 
Elasticity. The linear regression plot to develop a correlation 
between the compressive strength and modulus of elasticity 
with high regression value (R2 = 0.96) is shown in Figure 20. 
The developed equation relating modulus of elasticity and 
compressive strength is given by equation (14). The previous 
research equation correlating modulus of elasticity with the 
compressive strength of sisal fiber reinforced coconut shell 
concrete[43] is given by equation (15) and the equation 
predicted by Concrete Structural Design Standard 
Specification (CSDS) is given by equation (16) respectively. 
The established relationship corresponds well to the 
previous researchers' and standard specifications. 

𝐸𝑐(𝑆𝑟𝐹) = 0.3.84𝑓𝑐
0.5

 (14) 

𝐸𝑐(𝑆𝑖𝐹) = 0.0307𝑤
1.5𝑓𝑐

0.5
 (15) 

𝐸𝑐(𝐶𝑆𝐷𝑆) = 0.77𝑤
1.5𝑓𝑐

1/3
 (16) 

 

6 Conclusion 

The following conclusions can be drawn from the 
experimental investigation into the fresh and mechanical 
properties of coconut shell bagasse ash scrap steel fibre 
reinforced concrete:  

• The density of concrete in the control mix (CM) was 
around 2560 kg/m3, which decreases by 5%, 7%, and 8% 
for 10%, 20%, and 30% replacement of cement with BA, 
respectively. Therefore, bagasse ash concrete mix helps to 
reduce the self-weight of structural concrete. The oven-dry 
density of coconut shell concrete mixes ranged from 2255 to 
1995 kg/m3, with the CS5-BA-SrF mix with 50% CS 
replacement falling under the category of light weight 
concrete. 

• The slump value recorded for the control mix was 85 
mm, which increased with the increase in the percentage of 
bagasse ash. With the replacement of 10%, 20% and 30% 
of BA the slump value increases to 89 mm, 90 mm, 92 mm 
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respectively. The slump value of coconut shell concrete 
ranged between 73 mm and 45 mm which is due to the 
irregular shape of CS aggregate. 

• The compressive strength of scrap fiber reinforced BA 
concrete (CM-BA-SrF) showed up to a 2% increase in 
strength compared to unreinforced mix (CM-10BA).  For the 
coconut shell fiber reinforced concrete, the compressive 
strength decreases with the increase in coconut shell 
percentage.  

• The splitting tensile strength, flexural strength, and 
modulus of elasticity values increase with the addition of 10% 
BA and scrap fiber. For fiber reinforced coconut shell 
concrete, the strength properties decrease with an increase 
in the percentage of coconut shell. The reduction in strength 
properties with the increase in the percentage of coconut 
shell is due to the density of CS aggregate, the orientation of 
the aggregate, bond between the aggregate and cement 
matrix or the thin shape of coconut shell aggregate. 

• Fracture of coconut shell aggregate was not identified 
in any of the tested specimens, which proves that brittle CS 
aggregate when used as a replacement for conventional 
aggregate does not have any limitations. Therefore, it can be 
concluded that, bagasse ash, scrap fiber and coconut shell 
can be effectively used as replacement materials in concrete 
to produce a sustainable concrete solution.  

• The control mix with up to 10% replacement of cement 
with bagasse ash helps to develop sustainable concrete with 
a minor loss in strength. Similarly, coconut shell concrete 
with up to 30% aggregate replacement can be used 
effectively for structural applications.  Beyond 30% 
replacement, the strength criteria fall below the minimum 
strength requirement for structural concrete, and such light-
weight concrete can be used for non-load-bearing structural 
applications.   
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A r t i c l e  h i s t o r y  A B S T R A C T  

Light-gauge steel-framed (LSF) walls are being adopted by the Algerian 
construction industry as a new alternative to the traditional infilled frames due to the 
advantages they provide. The strength-to-weight ratio of Cold Formed Section 
(CFS) leads to lighter structures and a decrease in the building cost. However, in 
the case of fire, the high shape factor combined with the loss of material properties 
of the unprotected, slender CFS can result in structural failure. Because of their 
conductivity, elevated temperatures have an effect on the thermal performance of 
panels, necessitating the use of appropriate insulation. The purpose of this paper is 
to perform a numerical analysis of the thermal behavior of LSF walls protected by 
plasterboard or magnesium oxide board, as well as cavity insulations. Numerical 
models are developed, using ANSYS software to simulate the thermal performance 
of LSF walls under ISO 834 fire. Thermal simulations are done to predict 
temperature profiles, maximum temperatures, and the estimated fire resistance 
level (FRL). This research has produced results to better evaluate the influence of 
different systems of protection and insulation used for the CFS under fire. 
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1 Introduction 

Nowadays, the use of a Light Gauge Steel Framed (LSF) 
wall system as a new type of structural element is benefiting 
the rapid expansion of building construction in Algeria. The 
ease of transportation and rapidity of execution have made it 
possible to adopt it as a new alternative building solution, 
especially in seismic regions, to reduce the weight of the 
structure. These wall systems consist of two elements of 
cold-formed steel (CFS), namely stud and track sections 
characterized by very thin sections which may restrict the 
use of the LSF for a non-load-bearing wall. These slender 
sections have better durability and a higher strength-to-
weight ratio compared to hot rolled steel [1], due to the 
different fabrication processes that have a significant 
influence on mechanical material properties [2]. In a fire 
situation, steel material having a high thermal conductivity is 
vulnerable due to the loss of its mechanical properties [3, 4]. 
Therefore, a fire safety must be ensured as one of the 
important requirements that a building has to include 
according to contemporary technical rules on structural 
engineering [5]. To study the collapse of structures under 
elevated temperatures, most research has been done on 
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unprotected hot-rolled structural elements [6-10] or protected 
structural elements [11-13]. The structural behaviour of CFS 
structures under fire is complex and requires substantial, 
dedicated research on isolated element frames as well as on 
complete walls and panels. Some studies have proposed 
various parameters that have a significant influence on the 
behavior of LSF walls in terms of improving fire resistance by 
incorporating some protective materials [14]. Different single 
or double layers of wallboard can be used on both sides of 
the LSF wall, such as plasterboard, magnesium oxide board 
(MGO) and Cork [15-19]. Furthermore, using rockwool and 
glass fiber to form a new composite innovative panel, cavity 
insulation, or external insulation sandwiched between two 
layers of protection wallboards, could be achieved [20, 21]. 
Previous research has been conducted to investigate the 
thermal performance of LSF walls when subjected to fire, 
including experimental studies and numerical simulation. 
According to experimental studies done by Kolarkar and 
Mahendran [22] and Baleshan and Mahendran [23], the 
measured temperatures across the composite wall panel 
show a higher fire performance than the conventionally built 
non-load-bearing wall models. Keerthan and Mahendran 
[24], developed a numerical model of a composite LSF wall 
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panel, protected by double layers of plasterboard and 
externally insulated under various thicknesses and densities 
using Eurocode design fire curves [25]. They concluded that 
using rockwool improved fire resistance significantly more 
than other insulation, particularly when sandwiched between 
double plasterboard. Ariyanayagam and Mahendran [26] 
also conducted an experimental study to investigate the 
effect of calcium silicate boards and plasterboard on non-
load-bearing LSF walls exposed to fire. The results show that 
both wallboards provided nearly the same thermal response. 
Ariyanayagam and Mahendran [27] investigated, 
experimentally and numerically, the influence of cavity 
insulation on the fire resistance of non-load-bearing and 
load-bearing LSF walls. Their results allow for the conclusion 
that the FRL of cavity insulated non-load bearing LSF walls 
increases by more than 10 minutes, whereas it is significantly 
reduced for the other walls. Khetata et al. [28] performed full-
scale standard fire tests, followed by a thermal modelling of 
composite non-load-bearing LSF, using different 
configurations for several protection materials and 
insulations. It was concluded that the increase in the number 
of studs and the thickness of the protection layers will 
enhance the fire performance, and the use of super-wool 
insulation provides a higher fire resistance than rockwool. 
Rajanayagam et al. [29] have conducted a numerical 
analysis to investigate the thermal performance of LSF walls 
and study the effect of novel thermal insulation materials. 
Rahnavard et al. [30] presented a 2D numerical model of 
heat transfer analysis with the aim of providing a new 
analytical formulation for the prediction of the temperature 
evolution within the concrete-filled cold-formed steel section 
(CF-CFS) when subjected to fire. It is worth mentioning that 
extensive research has tackled the problem of the behaviour 
of CFS at ambient temperature, and there is a need for more 
studies and investigations at elevated temperatures to 
enhance their fire safety. Most studies that investigated the 
behaviour of LSF in a fire situation, have been carried out 
using plasterboard as layer protection, however, the MGO 
layer protection, recently introduced in Algeria, requires 
investigation under fire conditions. Besides, there is a need 
for more research on the fire performance of LSF wall 
systems built with such layer protection and added cavity 
insulation within the panels. To understand the thermal 
response, finite element heat transfer models for different 
configurations of LSF wall systems exposed to ISO 834 fire 
have been developed. The results obtained aim to identify 

the LSF wall system with improved fire resistance. Four 
configurations of composite non-load-bearing light steel-
framed walls are considered, depending on the type of 
protection layers and insulations and their position within the 
steel frame when subjected to elevated temperatures due to 
fire. The configuration cases are studied for a vertical panel 
from a compartment of an industrial building in Chlef 
designed by the FRAMEMETAL group, Figure 1. 

Finite element models, using ANSYS APDL, are 
produced to predict the temperature profiles, maximum 
temperatures, and the estimated fire resistance level (FRL), 
taking into account the critical temperature as specified by 
EN 1993-1-2 [25] for members with Class 4 cross-sections. 
The influence of different systems of protection and 
insulation used for the CFS under fire conditions is 
evaluated. 

2 LSF walls and configurations 

LSF walls are made from two trucks and seven studs, 
evenly spaced by 630 mm, with a steel grade of G345, a 
density of 7850 kg/m3. The geometry details of CFS Lipped 
Channel (LC) members and dimensions of the frame are 
presented in Figure 2 and Table1. 

The LSF is protected with 10 mm of different types of 
external protection and insulation in four configurations, with 
the aim of studying the influence of the layers of protection. 
Table 2 lists nine models of wall protection systems under 
consideration, and technical information about the adopted 
LSF system is described in the CNERIB document [31]. The 
first configuration considers three thermal protection models 
of LSF walls to be analyzed for each type, plasterboard, 
MGO, and cork with no insulation. The second configuration 
includes two models that incorporate MGO protection as well 
as cavity insulation of rockwool and glass fiber within the 
panel. The third configuration is taken on the basis of the 
second, with insulations positioned on both sides against 
LSF wall panels, forming a new composite system. The 
fourth configuration, considering two models, consists of an 
external insulation on the exposed side placed between 
MGO and plasterboard protections. Single plasterboard is 
used on the unexposed side. In this study, all configurations 
of LSF wall models are subjected to standard fire testing 
according to ISO 834. 

 

 

Figure 1. Structure of light gauge steel panels (ONAPH building Chlef, Algeria) 
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Figure 2. Geometry details of CFS members (LC H x B x C x t) 

 
Table 1. Dimensions of CFS elements of the frame 

Profiles 
Dimensions 

H (mm) B (mm) C (mm) t (mm) L (m) 

Truck 152.4 50.8 No lips 1.37 4 

Stud 152.4 41.15 12.7 1.37 3.7 

 

Table 2. Details of configurations and models of protection 

Configuration Model Type of Protection Insulation 

1 

 

1 Plasterboard 

No Insulation 2 MGO 

3 Cork 

2 

 

4 

MGO 

Glass fibre (Cavity - 152.4 mm) 

5 Rockwool (Cavity - 152.4 mm) 

3 

 

6 
MGO 

Glass fibre (Sandwiched -75 mm) 

7 Rockwool (Sandwiched-75 mm) 

4 

 

8 MGO & Plasterboard  
(In exposed side) 

Plasterboard  
(In unexposed side) 

Glass fibre (Sandwiched - 75 mm) 

9 Rockwool (Sandwiched - 75 mm) 

 
 
 
3 Thermal properties and heat transfer action on 

partition LSF walls 

3.1 Thermal properties  
 
Thermal properties, conductivity, and specific heat of 

CFS, as provided by EN 1993-1-2 [25], are illustrated in 
Figure 3. 

The LSF is protected with 10 mm of different types of 
external protection and insulation in four configurations, 
considering nine models of protection of wall systems. 
Thermal properties of the external protection, plasterboard 
(Figure 4(a)), magnesium oxide board (MGO) Figure 4(b) 
and cork (Figure 4(c)) are taken from studies developed by 
Sultan [32], Rusthi et al. [33], and Piloto et al. [34], 
respectively. 
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Figure 3. Steel conductivity & specific heat versus temperature 
 

 
 

 
 

Figure 4. Thermal properties of external protection, (a) Plasterboard, (b) MGO, (c) Cork 
 

The rockwool and glass fibre materials are used as cavity 
and external insulations. Their properties were obtained from 

the study of Lundberg [35] Figure 5(a), and Keerthan and 
Mahendran [24] Figure 5(b), respectively.

 

 
 

Figure 5. Thermal properties of cavity insulation, (a) Rockwool, (b) Glass fibre 
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3.2 Heat transfer action on partition LSF walls  
 
The temperature profiles for LSF members are obtained 

from the nonlinear thermal analysis performed on ANSYS® 
[36] as a solution of conduction within the steel section 
governed by the Fourier equation [37], equation (1), using 
convection and radiation as boundary conditions. 

t
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   (1) 

Where a is the thermal conductivity, ca is the specific 

heat of steel, 
a
 is the density of steel and Q̇ is the energy 

source equal to zero in the case of a non-combustible 
element. The fire action is applied in the exposed faces of 
the materials of protection using ISO 834 equation (2), given 
in EN1993-1-2 [25]. 

)t(logg ++=   (2) 

Where θg is the gas temperature [°C] and t is the time 

[minutes]. 
The second solution for the non-linear equation (1) is the 

simplified method from EN1993-1-2 [25], considering an 
equivalent uniform temperature during a time interval Δt 
defined by equation (3a) and equation (3b) for unprotected 
and protected members, respectively. 
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Where ksh is the correction factor for the shadow effect, 
Am/V and Ap/V are the section factors for unprotected steel 
members and those insulated by fire protection material, 
respectively, p, cp, p and dp are the thermal conductivity, 

specific heat, density, and thickness of the fire protection 

material, respectively, ḣnet,d is the design value of the net 

heat flux due to convection and radiation per unit area 
evaluated according to equation (4). 

  +−++−= )()()(h mgrmgcd,net   (4) 

Where αc is the convection heat transfer coefficient, εr =
εfεm with εr the emissivity coefficient of the surface of the 

element equal to 0.7 and εf equal to 1 in case of fire,  is 
constant of Stefan–Boltzmann (  = 5.67 × 10−8 W/m2·K4), 

θm is the surface element temperature, and θgis the gas 

temperature,  is the configuration factor equal to 1 for 

unprotected members and obtained according to equation 
(5) for protected members. 

V/A.d.
.c

.c
pp
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pp




 =  (5) 

4 Thermal analysis models 

This part describes the thermal finite element models 
used for all simulations performed for LSF walls in order to 
investigate their thermal response and predict their 
temperature profiles, maximum temperatures, and fire 
resistance level (FRL). Appropriate mesh is adopted, and 
thermal boundary conditions of convection and radiation are 
applied for CFS elements and protection materials. 
 
4.1 Thermal FE models  

 
Finite element analyses were conducted under transient 

and nonlinear thermal analyses, based on SHELL131 and 
SOLID70 elements for CFS members and external 
protections and insulations, respectively. The contact 
between solids and shells is considered perfect. Figure 6 
shows the geometry and the topology of these finite 
elements. The latter are used with linear interpolating 
functions and full integration methods from ANSYS® [36]. 
SHELL 131 has four nodes with up to 32 degrees of freedom 
at each node. It is a three-dimensional layered shell element 
with in-plane and through-thickness thermal conduction 
capability that is suitable for transient thermal analysis. 
SOLID 70 has eight nodes and a single degree of freedom, 
temperature, at each node applicable to a 3-D, steady-state, 
or transient thermal analysis.  
 
4.2 Mesh and boundary conditions 

 
The thermal model is meshed by shell and solid finite 

elements with size of 20  50 mm for the web and flanges, 

and a size of 20  20 mm around the circular hole region, 
with the lip being one single element as shown in Figure 7. 

The ISO834 is applied as bulk temperature on the 
exposed side of the wall according to EN-1991-1-2 [38], with 
heat transfer by convection having a coefficient of 25 W/m2K.  
The unexposed side is considered ambient with an applied 
boundary condition of convection and a film coefficient of 9 
W/m2K which include the radiation effect. For the models 
without cavity insulation, the same boundary conditions are 
applied, but according to Gunalan [39] an extra radiation is 
applied to an empty cavity with an emissivity coefficient equal 
to 0.9 at the cavity surface. 

 

 
 

Figure 6. Geometry & topology of finite element models, (a) SHELL131, (b) SOLID70 [36] 

(a)  (b)  
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Figure 7. Meshing of the model and Boundary conditions  
 
 
4.3 Model validation 

 
In this section, a validation of thermal FE models is 

presented and compared with the fire test result obtained by 
Rusthi, et al. [33] for the LSF wall system. The test was 

conducted with 3.15 m  3.15 m LSF panel of six stiffened 

channel studs (LC 92  35  15  1.15 mm) equally spaced 
by 600 mm, and fixed between two tracks at the top and the 
bottom, and then lined with 10 mm thick of MGO. Figure 8 
shows the thermocouples position during the test from which 
average temperature curves for stud flanges were extracted.  

The average temperature evolution of the hot flange (HF) 
and the cold flange (CF) are presented in Figure 9. The latter 
shows the comparison between the results of the 
experimental study and the numerical simulation obtained 
from the numerical model and highlights a good agreement 
in temperature profiles within the sections. 

 

5 Results and discussion 

Results from simulations produce temperature contours, 
time-temperature evolution, and fire resistance levels for all 
configurations in order to investigate the thermal response of 
the LSF wall and study the effect of different protection 
materials. The temperature is extracted at the mid-height of 
the flanges of the middle stud, which are highly exposed to 
heat on both sides. The temperature evolution for the first 
configuration is presented for the three thermal models in 
Figure 10. 

It can be observed that a maximum temperature of 564 
°C in HF and 458 °C in CF can be reached for model 2  based 
on the MGO board, which is much lower than those of 
models 1 and 3. While the model 2 with the MGO board had 
a slow rise in temperature, the model 3 with the cork lined 
panel had a rapid rise in temperature. For the later model, 
the highest temperature in HF is reached for at a maximum  

 

Figure 8.Thermocouple locations on studs [33] 
 
 

 

Figure 9. Average temperature evolution of LSF wall from tests and thermal FE analyses  
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Figure 10. Temperature evolution at mid-height stud of LSF wall (Configuration 1) 

 

 
of 707 °C, with a temperature difference of 50°C between HF 
and CF after 60 minutes. Figure 11 shows the temperature 
contours of the thermal model 2 at 60 minutes. 

The second configuration, which comprises thermal 
models 4 and 5, aims to investigate the effect of the position 
of cavity insulations within the panel on improving the fire 
resistance. The temperature evolution shown in Figure 12 
shows that the thermal model 4 based on glass fibre 
insulation has reached a maximum temperature of 732 °C 
and 188 °C in stud HF and CF, respectively, at 60 minutes. 

These temperatures are higher compared to those provided 
by model 5 based on rockwool insulation, and the 
temperature difference between HF and CF for models 4 and 
5 is 544°C and 620 °C, respectively. Therefore, the presence 
of the cavity insulation within the panel reduces the heat 
transfer through the stud cold flange, and leads to a rapid 
increase in temperature in the stud hot flange. It can be seen 
that temperatures in HF are higher than the critical 
temperature, resulting in the failure of studs in the case of a 
load-bearing wall. 

 

 

Figure 11. Temperature contours of model 2 at 60 minutes 
 

 

Figure 12. Temperature evolution at mid-height stud of composite LSF (Configuration 2) 
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Figure 13 shows temperature contours of the thermal 
model 5 at 60 minutes. 

Figure 14 presents the temperature evolution for the third 
configuration, including the thermal models 6 and 7, which 
comprise the new composite LSF wall. Temperature 
progress is slow, with small temperature differences of 64 °C 
and 22 °C between the studs HF and CF for models 6 and 7, 
respectively. The maximum temperature does not exceed 
120 °C at 60 minutes. The new composite wall system 
provides better fire performance compared to the traditional 
LSF wall, either with or without cavity insulation, used in 
configurations 1 and 2. 

Figure 15 shows temperature contours of the thermal 
model 7 at 60 minutes. 

Figure 16 presents results for the temperature evolution 
of the fourth configuration of models 8 and 9. The 
temperature difference between HF and CF, the maximum 
temperature, and the temperature evolution are comparable 
to those of the third configuration, with slight differences in 
results. 

Figure 17 shows temperature contours of the model 9 at 
60 minutes. 

 

Figure 13. Temperature contours of model 5 at 60 minutes 
 

 

Figure 14. Temperature evolution at mid-height stud of new composite LSF wall (Configuration 3) 
 

 

Figure 15. Temperature contours of model 7 at 60 minutes 
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Figure 16. Temperature evolution at mid-height stud of proposed LSF (Configuration 4) 
 

 

Figure 17. Temperature contours of model 9 at 60 minutes 
 
 

Table 3 summarizes all the results obtained for all 
configurations for maximum temperatures, at mid-height of 
the flanges HF and CF of the most exposed stud at 60 
minute. 

Table 4 shows the failure time for all thermal models at 
the critical temperature of 350 °C as specified in EN 1993-1-
2 [25], to obtain the fire resistance level (FRL) for each 
model. 

Table 4 shows that the model 2 based on MGO board 
achieved the highest FRL with a failure time of 31 minutes, 
which is significantly better than the FRL from models of 
configuration 1, with failure time differences of 15 minutes for 

plasterboard and 20 minutes for cork. The position of cavity 
insulation within the panel produces approximately the same 
FRL as obtained from Model 2. In the presence of rockwool 
and glass fiber insulation, the temperature in HF rapidly rises 
above the critical temperature. It is observed that the failure 
time has not been reached for configurations 3 and 4. The 
FRL could be improved by using insulation externally 
sandwiched between two layers of protection. The 
temperature contours of the most exposed middle stud of all 
panels lined with MGO at the failure time are presented in 
Figure 18. 

 

Table 3. Maximum temperatures at mid-height of the middle stud 

Configuration Model 
Temperature [°C] (at 60 minutes) 

CF HF 

1 

1 650 699 

2 458 564 

3 655 707 

2 
4 188 732 

5 88 709 

3 
6 47 111 

7 7 29 

4 
8 70 159 

9 21 41 
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Table 4. Fire resistance level (FRL) of non-load bearing LSF walls 

Configuration Model 
Fire resistance level (FRL) [Min] 

(Critical temperature of 350°C, EC3-1-2) 

1 

1 16 

2 31 

3 10 

2 
4 28 

5 29 

3 
6 >60 

7 >60 

4 
8 >60 

9 >60 

 

 
 
 

Figure 18. Temperature contours at the failure time of panels lined with MGO 
 
6 Conclusions 

A numerical investigation based on the validated finite 
element model of the thermal response of the LSF wall 
system under fire, ISO 834, is presented, considering the 
effect of different protections. The thermal transient analysis 
with the full option solution method was performed using 
ANSYS APDL. The numerical heat transfer results of the 
LSF wall configurations include a time–temperature curve 
and temperature contours, which are used to study the 
influence of different systems of protection and insulation on 
improving the fire resistance. The analysis shows predicted 
temperatures and fire resistance levels for different 
configurations, and the following conclusions are drawn: 

• In configuration 1, the temperature of 564 °C obtained 
from stud HF of the protected panel by magnesium oxide 
board is lower than those of plasterboard and cork, which are 
699 °C and 707 °C, respectively.  

• Considering the critical temperature of 350 °C specified 
by EC3, the MGO board leads to an increase in the failure 
time in comparison with the other two protections by 
providing a fire resistance level (FRL) of 31 minutes which is 
much better than the FRLs of plasterboard and cork of 16 
minutes and 10 minutes, respectively.  

• The presence of cavity insulation within the panel 
reduces the heat transfer across the stud cold flange, and 
leads to a rapid increase in temperature in the stud hot 
flange. This may cause the early failure of the overall panel 
in the case of a load-bearing wall.  

• The failure time of configuration 2 (panels protected by 
MGO with an insulation cavity) is about the same as 
configuration 1 (panels protected by MGO without an 
insulation cavity) at 29 minutes. 

• The use of external insulation between two layers of 
protection forming a composite panel, (configuration 3), 
presents a higher thermal performance compared to the 
traditional LSF with/without cavity insulation with more than 
60 minutes of FRL.   

• The temperatures were very similar in both cases of 
LSF wall configurations 3 and 4. As a result, configuration 4, 
with a single sheet of plasterboard on the exposed side and 
insulation between MGO and plasterboard on the unexposed 
side, offers a more cost-effective solution for the same 
thermal performance. Therefore, configuration 4 with a 
reduced protection system leads to a gain in work time and 
makes the structure lighter. 
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List of symbols 
t  Time, [minutes]  

Ca, a, a  Specific heat [J/kg°C], thermal conductivity 

[W/m°C] and density [kg/m3] of steel, 
respectively. 

Cp, p, 
p
, dp Specific heat [J/kg°C], thermal conductivity 

[W/m°C], density [kg/m3] and thickness of 
protection materials [mm], respectively. 

ksh  Correction factor for shadow effect 
E  Modulus of elasticity, N/mm2 

fy  Yield strength, N/mm2 

ḣnet,d  Design value of the net heat flux, w/m² 

Q̇  Energy source 
θg   Gas temperature in the fire compartment, 

°C 
θm  Temperature of the member surface, °C 

αc Convection heat transfer coefficient, W/m2K 

εf εm Emissivity coefficient, 

 Configuration factor, 

 Constant of Stefan–Boltzmann, W/m2·K4 

v Poisson’s ratio 
 
Subscripts 
CFS Cold Formed Section 
LSF Light gauge Steel Framed 
MGO Magnesium Oxide board   
HF Hot Flange   
CF Cold Flange   
TC Thermocouple 
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A r t i c l e  h i s t o r y  A B S T R A C T  

Simulating the seismic behaviour of a structure up to the point of collapse is an 
established approach to assessing structural safety during strong earthquakes. In 
the case of reinforced concrete columns with a predominantly flexural response, a 
lumped plasticity model with a predefined backbone and Takeda hysteresis rules is 
often used for this purpose. The present study investigates different moment–
rotation backbone models to identify procedures that adequately predict the post-
capping part of the backbone. In the first part of the paper, Eurocode 8 procedures 
for estimating the rotation in the near collapse limit state are reviewed and used to 
calculate the near collapse rotation of two experimentally tested columns with 
different levels of confinement. The procedure that agrees best with the experiments 
is used in the second part of the study, where several options for modelling the post-
capping part of the moment–rotation backbone are studied. The results suggest that 
a quadrilinear moment–rotation backbone with a bilinear post-capping region 
combined with anearcollapse rotation determined according to the empirical 
procedure from the current version of Eurocode 8/3 can predict the cyclic response 
of both poorly and well-confined columns. 
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1 Introduction 

The lumped plasticity modelling approach is commonly 
used to study the seismic performance of reinforced concrete 
structures. The Giberson lumped plasticity model is often 
used forreinforced concrete columns with a predominantly 
flexural response. In this model, the plastic hinge is defined 
as a rotational spring having an approximate moment–
rotation relationship, defined by the backbone and hysteresis 
rules, such as the Takeda hysteresis rules [1]. This well-
established approach has been used for decades to assess 
the nonlinear response of reinforced concrete structures 
(e.g. [2, 3, 4, 5]) and is still relevant today, as researchers 
are looking for simple and effective models to be used in 
seismic risk assessment studies (e.g. [6, 7, 8]). 

Different models for estimating the moment–rotation 
backbone have been used previously. The parameters 
defining the response up to the capping point have been 
successfully estimated, as this part of the backbone has 
been well studied (e.g. [9, 10]). However, the response after 
the capping point, characterised by stiffness and strength 
degradation, is less well studied. This part of the backbone 
is important in risk assessment studies, where the seismic 
behaviour of the structure is simulated up to the point of 
collapse (e.g. [11, 12, 13]). In the recent literature, 
researchers have suggested modifications to existing 
backbone models to better describe the post-capping region 
(e.g. [6, 14, 15]). These models are often consistent with the 
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backbone as defined in the ASCE/SEI 41 standard [16]. 
However, the number of studies developing a backbone 
model consistent with the requirements of the Eurocode 
standards is more limited. 

In the Eurocode 8 standard, the post-capping region is 
defined by the near collapse (NC) limit state, which is when 
the flexural strength drops by 20%. Consistent with the code, 
some studies have defined the moment–rotation backbone 
in the post-capping region as the NC moment and rotation 
combined with the assumed post-capping stiffness [17, 18]. 
The ability to predict the nonlinear response of reinforced 
concrete elements up to the NC limit state has also been 
confirmed by the results of pseudodynamic tests (e.g. [19]). 
However, such a modelling approach is not straightforward, 
as several different procedures for calculating the NC limit 
state rotation are included in Eurocode 8. In addition, there 
are no guidelines for defining the post-capping part of the 
backbone based on the NC rotation. Several modelling 
strategies have been proposed. Although most studies 
predict constant post-capping stiffness [17, 20, 21, 22], some 
recommend that this part of the backbone should be 
modelled as bilinear (e.g. [14, 23, 24]). 

The present study addresses the lack of guidelines for 
defining the post-capping part of the moment–rotation 
backbone consistently with the Eurocode standards. In 
particular, the aim of the study is to identify a reliable 



Evaluation of models of the flexural response of rectangular reinforced concrete columns in the post-capping region 

 

56 Building Materials and Structures 66 (2023) 55-67 

Eurocode-conforming backbone model that could be used to 
simulate the post-capping response of rectangular reinforced 
concrete columns with a predominantly flexural response up 
to the point of collapse, regardless of the column design 
level. In the first part of the paper, Eurocode 8 procedures for 
assessing the NC limit state rotation are reviewed (Section 
2) and evaluated against the results of experiments on two 
rectangular reinforced concrete columns with different levels 
of confinement (Section 3). The procedure that agreed best 
with the experiments on both columns is used in the second 
part of the study (Section 4), where several different models 
of the moment–rotation backbone are studied and compared 
to the experimentally obtained cyclic response. 

2  Estimation of the NC limit state according to 
Eurocode 8 

Eurocode 8 defines the onset of limit states of reinforced 
concrete columns by their chord rotations. The chord rotation 
corresponding to the NC limit state is referred to as the 
"ultimate chord rotation" in Eurocode 8 (in this paper, the "NC 
rotation") and can be determined using different procedures. 
These procedures are first briefly summarised in Subsection 
2.1 and then presented in more detail in Subsections 2.2, 2.3 
and 2.4. In Subsection 2.2, the material parameters for 
section analysis are summarised, Subsection 2.3 covers the 
estimation of the plastic hinge length, and Subsection 2.4 
covers the NC rotation calculation.  

2.1  Summary of Eurocode 8 procedures 
 
This study considered five Eurocode 8 procedures for 

assessing the NC rotation of reinforced concrete columns 
(Table 1). The procedures included in Eurocode 8/3 [25], 
Eurocode 8/2 [26], and Eurocode 8/1 [27] were considered.  

Two procedures in the current Eurocode 8/3 (denoted as 
EC8/3a&EC2 and EC8/3a) are categorised as analytical, 
requiring the assessment of the ultimate curvature using 
section analysis, while the third procedure (denoted as 
EC8/3b) is semi-empirical; section analysis is not needed. 
The EC8/3a&EC2 procedures follow the requirements of 
Eurocode 2 [28] when performing section analysis,while 
EC8/3a follows the rules included in Eurocode 8/3. The 
analytical and empirical procedures differ regarding the 
required data. The analytical procedures require an 
advanced definition of the materials and an estimate of the 
plastic hinge length. These data are not needed in the 
empirical approach. 

The procedure included in Eurocode 8/2 (denoted as 
EC8/2) is also analytical. It is similar to the analytical 
procedures from Eurocode 8/3 but uses different 
assumptions for section analysis and plastic hinge length.  

The procedure from the draft of the new Eurocode 8/1 
(denoted as prEC8/1) combines the analytical and empirical 
approaches. The yield rotation is estimated by performing 
section analysis, while the ultimate (NC) rotation is estimated 
using a semi-empirical approach. This procedure is specified 
only for rectangular cross-sections. For other types of cross-
sections not investigated in this study, the new Eurocode 8/1 
prescribes an analytical approach. 

2.2 Material parameters and section analysis 
 
The analytical approaches require the estimation of yield 

and ultimate curvatures as input data for calculating the NC 
rotation (Table 1). They are defined by section analysis. 
Section analysis is typically performed by discretizing the 
cross-section into fibres associated with the corresponding 
materials: unconfined concrete cover, confined concrete 
core, and longitudinal reinforcement steel. While the 
constitutive law of unconfined concrete is the same for all 
procedures considered in this study, the constitutive law of 
confined concrete varies from procedure to procedure (Table 
2). The constitutive laws for longitudinal reinforcement steel 
(Table 3) also differ, mainly regarding the value of the 
ultimate strain considered. 

In general, procedure prEC8/1 requires section analysis 
only to determine the yield curvature (for yield rotation 
calculation), because the post-yield response is determined 
empirically. Moreover, the new Eurocode 8/1 distinguishes 
between two cases: failure of the section before and after the 
concrete cover spalling.  

In order to determine which case governs the response, 
the section analysis should be initially performed assuming 
that the section failure occurs after the spalling of the 
concrete cover. The flexural resistance of the concrete core, 
defined as the moment corresponding to the ultimate strain 
in the confined core or longitudinal reinforcement, should 
then be compared to the total flexural resistance. The latter 
is determined as the maximum moment that developed 
before the spalling of the concrete cover. If the flexural 
resistance of the concrete core is higher than 80 % of the 
total flexural resistance, the assumption that the section fails 
after the spalling is confirmed. Otherwise, the section 
analysis should be repeated with different ultimate strains, as 
defined by Eqs. (15) and (20).  

 

Table 1. Requirements of the Eurocode 8 procedures for NC rotation calculation 

Procedure Approach Section analysis 

Advanced 
material definition 
(𝑓𝑐𝑐 , 휀𝑐𝑐 , 휀𝑢𝑐 , 휀𝑠𝑢,…) 

Plastic hinge 
length estimation 

EC8/3a&EC2 Analytical Yes Yes Yes 

EC8/3a Analytical Yes Yes Yes 

EC8/3b Empirical No No No 

EC8/2 Analytical Yes Yes Yes 

prEC8/1 Combined Yes Yes No 
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Table 2. Summarised Eurocode procedures for the definition of the confined concrete constitutive laws 

Procedure Equations  

EC8/3a&EC2 

𝑓𝑐𝑚,𝑐 = {

𝑓𝑐𝑚 ∙ (1 + 5
𝜎2
𝑓𝑐𝑚

) , 𝑖𝑓 𝜎2 ≤ 0.05𝑓𝑐𝑚

𝑓𝑐𝑚 ∙ (1.125 + 2.5
𝜎2
𝑓𝑐𝑚

) , 𝑖𝑓 𝜎2 > 0.05𝑓𝑐𝑚

 (1) 

휀𝑐2,𝑐 = 휀𝑐2 (
𝑓𝑐𝑚,𝑐
𝑓𝑐𝑚

)
2

 (2) 

휀𝑐𝑢2,𝑐 = 휀𝑐𝑢2 + 0.2
𝜎2
𝑓𝑐𝑚

 (3) 

𝜎2 = 𝛼 ∙ 𝜌𝑠𝑥 ∙ 𝑓𝑦𝑤 (4) 

EC8/3a 

𝑓𝑐𝑚,𝑐 = 𝑓𝑐𝑚 ∙ (1 + 0.37 (
𝜎2
𝑓𝑐𝑚

)
0.86

) (5) 

휀𝑐2,𝑐 = 휀𝑐2 (1 + 5 (
𝑓𝑐𝑚,𝑐
𝑓𝑐𝑚

− 1)) (6) 

휀𝑐𝑢2,𝑐 = 0.004 + 0.5
𝜎2
𝑓𝑐𝑚,𝑐

 (7) 

𝜎2 = 𝛼 ∙ (𝑚𝑖𝑛 (𝜌𝑤𝑦; 𝜌𝑤𝑧)) ∙ 𝑓𝑦𝑤 (8) 

EC8/2 

𝑓𝑐𝑚,𝑐 = 𝑓𝑐𝑚 ∙ (2.254√1 + 7.94
𝜎2
𝑓𝑐𝑚

− 2
𝜎𝑐
𝑓𝑐𝑚

− 1.254) (9) 

휀𝑐2,𝑐 = 0.002(1 + 5 (
𝑓𝑐𝑚,𝑐
𝑓𝑐𝑚

− 1)) (10) 

휀𝑐𝑢2,𝑐 = 0.004 + 2.8
√𝜌𝑤𝑦 ∙ 𝜌𝑤𝑧𝑓𝑦𝑚휀𝑠𝑢

𝑓𝑐𝑚,𝑐
 (11) 

𝜎2 = 𝛼 ∙ √𝜌𝑤𝑦 ∙ 𝜌𝑤𝑧 ∙ 𝑓𝑦𝑤 (12) 

prEC8/1 

𝑓𝑐𝑚,𝑐 = {
𝑓𝑐𝑚 +  𝛼 ∙ 4𝜎2, 𝑖𝑓 𝜎2 ≤ 0.6𝑓𝑐𝑚

𝑓𝑐𝑚 +  𝛼 ∙ 3.5𝜎2
3
4𝑓𝑐𝑚

1
4, 𝑖𝑓 𝜎2 > 0.6𝑓𝑐𝑚

 (13) 

휀𝑐2,𝑐 = 0.002 (1 + 5
𝑓𝑐𝑚,𝑐
𝑓𝑐𝑚

) (14) 

휀𝑐𝑢2,𝑐 =

{
 
 

 
 
(
18.5

ℎ0(𝑚𝑚)
)
2

+ 0.04√
𝛼 ∙ (𝜌𝑤𝑦 + 𝜌𝑤𝑧) ∙ 𝑓𝑦𝑤

𝑓𝑐𝑚
, 𝑖𝑓 𝑀𝑅𝑑,0 > 0.8𝑀𝑅𝑑

min (0.01;max (0.0035; (
18.5

ℎ(𝑚𝑚)
)
2

)), 𝑖𝑓 𝑀𝑅𝑑,0 ≤ 0.8𝑀𝑅𝑑

 (15) 

𝜎2 = min (𝜌𝑤𝑦 ∙ 𝑓𝑦𝑤;  𝜌𝑤𝑧 ∙ 𝑓𝑦𝑤) (16) 

𝑓𝑐𝑚,𝑓𝑐𝑚,𝑐  – Compressive strength of unconfined and confined concrete 

𝜎2 – Confining stress 

𝛼 – Confinement effectiveness factor 

휀𝑐2, 휀𝑐2,𝑐– Strain at maximum stress for unconfined and confined concrete 

휀𝑐𝑢2, 휀𝑐𝑢2,𝑐  – Ultimate strain of unconfined and confined concrete 

𝜌𝑤𝑧 , 𝜌𝑤𝑦 , 𝜌𝑠𝑥  – Ratio of lateral reinforcement in z- and y-directions and the direction of loading 

𝑓𝑦𝑤  – Transverse reinforcement strength  

𝑀𝑅𝑑 , 𝑀𝑅𝑑,0 – Flexural resistance of the entire cross-section and flexural resistance of concrete core 

 

 
 
 



Evaluation of models of the flexural response of rectangular reinforced concrete columns in the post-capping region 

 

58 Building Materials and Structures 66 (2023) 55-67 

Table 3. Eurocode limits of the ultimate strain in the longitudinal reinforcement 

Procedure Longitudinal reinforcement ultimate strain limitation  

EC8/3a&EC2 휀𝑠𝑢 = {

𝑚𝑖 𝑛(휀𝑠𝑢,𝑒𝑥𝑝, 2.5 %) , 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐴

𝑚𝑖 𝑛(휀𝑠𝑢,𝑒𝑥𝑝, 5.0 %) , 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐵

𝑚𝑖𝑛 (휀𝑠𝑢,𝑒𝑥𝑝, 6.0 %), 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐶

 (17) 

EC8/3a 휀𝑠𝑢 = {

𝑚𝑖𝑛 (휀𝑠𝑢,𝑒𝑥𝑝, 2.5 %), 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐴

𝑚𝑖𝑛 (휀𝑠𝑢,𝑒𝑥𝑝 , 5.0 %), 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐵

𝑚𝑖𝑛 (휀𝑠𝑢,𝑒𝑥𝑝, 6.0 %), 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐶

 (18) 

EC8/2 휀𝑠𝑢 = {

𝑚𝑖𝑛 (휀𝑠𝑢,𝑒𝑥𝑝, 2.5 %), 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐴

𝑚𝑖𝑛 (휀𝑠𝑢,𝑒𝑥𝑝 , 5.0 %), 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐵

𝑚𝑖𝑛 (휀𝑠𝑢,𝑒𝑥𝑝, 7.5 %), 𝑓𝑜𝑟 𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 𝐶

 (19) 

prEC8/1 휀𝑠𝑢 = {

0.4휀𝑠𝑢,𝑒𝑥𝑝 , 𝑖𝑓 𝑀𝑅𝑑,0 > 0.8𝑀𝑅𝑑

4

15
휀𝑠𝑢,𝑒𝑥𝑝 (1 + 3

𝑑𝑏𝑙
𝑠
) (1 − 0.75𝑒−0.4𝑁𝑏,𝑐𝑜𝑚𝑝𝑟), 𝑖𝑓 𝑀𝑅𝑑,0 ≤ 0.8𝑀𝑅𝑑

 (20) 

휀𝑠𝑢,𝑒𝑥𝑝 , 휀𝑠𝑢– Experimentally obtained and prescribed ultimate strain of longitudinal reinforcement  

𝑑𝑏𝑙  – Diameter of longitudinal reinforcement bars 

𝑠 – Distance between stirrups 

𝑁𝑏,𝑐𝑜𝑚𝑝𝑟 – Number of longitudinal reinforcement bars in compression 

𝑀𝑅𝑑 ,𝑀𝑅𝑑,0 – Flexural resistance of entire cross-section and flexural resistance of concrete core 

 

 
 
2.3 Plastic hinge length  

 
Damage to structural elements is typically limited to the 

end regions of elements subjected to the largest moments. 
This region is denoted as the plastic hinge.  

The length of the plastic hinge, required in the analytical 
procedures for estimating the NC rotation, is assessed with 
the equations given in Table 4. They differ mainly regarding 
the assumed distribution of plastic deformations along the 
column.  

The selection of a procedure for calculating the plastic 
hinge length should be consistent with the procedure used 
for section analysis. Different approaches cannot be 
combined because they have been calibrated to generate 
the appropriate ultimate chord rotations.  

The equation fromprEC8/1 is presented only for 
comparison and does not apply to columns with rectangular 
cross-sections, such as those considered in this study. 

Table 4. Plastic hinge length estimation 

Procedure Plastic hinge length  

EC8/3a&EC2 𝐿𝑝𝑙 = 0,1𝐿𝑉 + 0,17ℎ + 0,24𝑑𝑏𝑙𝑓𝑦𝑙 √𝑓𝑐⁄  (21) 

EC8/3a 𝐿𝑝𝑙 = 𝐿𝑉 30⁄ + 0,2ℎ + 0,11 𝑑𝑏𝑙𝑓𝑦𝑙 √𝑓𝑐⁄  (22) 

EC8/2 𝐿𝑝𝑙 = 0,1𝐿𝑉 + 0,015𝑑𝑏𝑙𝑓𝑦𝑙 (23) 

prEC8/1 

𝐿𝑝𝑙 = (1 − 0.45𝑚𝑖𝑛(0,7;  𝜈)) (1 + 0,4𝑚𝑖𝑛 (9; 
𝐿𝑉
ℎ
)) ∙ 

(1 −
1

3
√𝑚𝑖𝑛 (2,5;𝑚𝑎𝑥 (0,05;

𝑏

ℎ
)))0,3ℎ 

(24) 

𝐿𝑝𝑙 – Plastic hinge length 

𝐿𝑉 – Shear span 
ℎ, 𝑏 – Cross-section height and width of the compression zone, respectively 

𝑑𝑏𝑙 – Diameter of the longitudinal reinforcement bars 

𝑓𝑦𝑙 , 𝑓𝑐 – Longitudinal reinforcement and concrete strength, respectively 

𝜈 – Axial load level 
 not applicable to rectangular cross-sections 
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2.4 Near collapse rotation  
 
The Eurocode 8 procedures considered in this study use 

different equations to calculate the NC rotation based on the 
parameters assessed in previous steps (Table 5). The 
analytical approaches (EC8/3a & EC2, EC8/3a & EC8/2) 
estimate the NC chord rotation, 𝜃𝑢𝑚, summing the yield 

rotation, 𝜃𝑦,and the post-yielding part of the chord rotation 

corresponding to the yield and ultimate curvatures (see 
Section 2.2).  

The post-yielding part of the NC chord rotation is 
calculated by assuming a constant post-yield curvature 
distribution along the entire length of the plastic hinge. 

The calculation of the NC chord rotation according to the 
empirical approach (EC8/3b) is conceptually different. The 
chord rotation is estimated based on the material, 
geometrical properties, and axial load ratio of the column.  

Last, prEC8/1 combines the analytical and empirical 
approaches to estimate the yield chord rotation and the post-
yielding part of the NC chord rotation, respectively. 

Table 5. Summarised Eurocode procedures for calculating the ultimate (NC) rotation 

Procedure Equations  

EC8/3a&EC2 

𝜃𝑦 = 𝜑𝑦 (𝐿𝑉 + 𝛼𝑉𝑧) 3⁄ + 0,0014(1 + 1,5
ℎ

𝐿𝑉
) +

휀𝑦

𝑑 − 𝑑′

𝑑𝑏𝑙𝑓𝑦𝑙

6√𝑓𝑐
 (25) 

𝜃𝑢𝑚 = 𝜃𝑦 + (𝜑𝑢−𝜑𝑦)𝐿𝑝𝑙 (1 −
0,5𝐿𝑝𝑙

𝐿𝑉
) (26) 

EC8/3a 

𝜃𝑦 = 𝜑𝑦 (𝐿𝑉 + 𝛼𝑉𝑧) 3⁄ + 0,0014(1 + 1,5
ℎ

𝐿𝑉
) +

휀𝑦

𝑑 − 𝑑′

𝑑𝑏𝑙𝑓𝑦𝑙

6√𝑓𝑐
 (27) 

𝜃𝑢𝑚 = 𝜃𝑦 + (𝜑𝑢−𝜑𝑦)𝐿𝑝𝑙 (1 −
0,5𝐿𝑝𝑙

𝐿𝑉
) (28) 

EC8/3b 𝜃𝑢𝑚 = 0,016(0,3𝜈) [
𝑚𝑎𝑥 (0,01;𝜔′)

𝑚𝑎𝑥 (0,01;𝜔)
𝑓𝑐]

0,225

(𝑚𝑖𝑛 (9;
𝐿𝑉
ℎ
))

0,35

25
(𝛼𝜌𝑠𝑥

𝑓𝑦𝑤
𝑓𝑐
)
1,25100𝜌𝑑 (29) 

EC8/2 

𝜃𝑦 = 𝜑𝑦𝐿𝑉 3⁄  (30) 

𝜃𝑢𝑚 = 𝜃𝑦 + (𝜑𝑢−𝜑𝑦)𝐿𝑝𝑙 (1 −
0,5𝐿𝑝𝑙

𝐿𝑉
) (31) 

prEC8/1 

𝜃𝑦 = 𝜑𝑦 (𝐿𝑉 + (𝑑 − 𝑑
′)) 3⁄ + 𝜑𝛾

𝑓𝑦𝑙𝑑𝑏𝑙

8√𝑓𝑐
+ 0,0019(1 +

ℎ

1,6𝐿𝑉
) (32) 

𝜃𝑢𝑚 = 𝜃𝑦 +𝐾 ∙ 0,016(0,2
𝜈) [

𝑚𝑎𝑥 (0,01;𝜔′)

𝑚𝑎𝑥 (0,01;𝜔)
]

0,25

(min (2;
𝑓𝑐
25
))

0.1

 

(33) 

(
1

25
𝑚𝑖𝑛 (9;

𝐿𝑉
ℎ
))

0,35

24
(𝛼𝜌𝑠𝑥

𝑓𝑦𝑤
𝑓𝑐
)
0.039 

𝜃𝑦 , 𝜃𝑢𝑚 – Yield and ultimate (NC) rotations 

𝐿𝑝𝑙 – Plastic hinge length 

𝜑𝑦 , 𝜑𝑢– Yield and ultimate curvatures 

𝐿𝑉 – Shear span 

𝛼𝑉𝑧 =  𝑑 − 𝑑
′ – Tension shift in moment diagram, if the shear cracking happens before the flexural 

yielding 

ℎ – cross-section height  

휀𝑦 – Longitudinal reinforcement yield strain 

𝑓𝑦𝑙 , 𝑓𝑦𝑤 , 𝑓𝑐  – Flexural and transverse reinforcement steel and concrete strength 

𝜈 – Axial load level 

𝜔,𝜔′ – Mechanical reinforcement ratio of the tension and compression flexural reinforcements 

𝛼 – Confinement effectiveness factor 

𝜌𝑠𝑤 , 𝜌𝑠𝑥 , 𝜌𝑑 – Ratio of lateral reinforcement in the direction of loading, mean in both directions, and 
diagonal reinforcement 
𝐾 − Correction factor considering the ductility class (1.0 for DC3, 0.9 for DC2, 0.8 for DC1) 
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3  Evaluation of Eurocode procedures against 
experiments 

The Eurocode 8 procedures were used to calculate the 
NC rotations of two experimentally studied cantilever-
reinforced concrete columns. The experiments were 
conducted at the Slovenian National Building and Civil 
Engineering Institute in cooperation with the University of 
Ljubljana [23]. By comparing the analysis and experimental 
data, the best way to estimate how they will respond was 
found. 

The columns considered in this study are described in 
Subsection 3.1. Analysis and comparison with the 
experiments are presented in Subsections 3.2, 3.3, and 3.4. 

3.1 Description of the columns 
 
Anžlin [23] conducted a series of 1:2 scale cyclic tests on 

rectangular reinforced concrete columns with varying lateral 
reinforcement amounts and detailing. The shear span of the 
columns was 1.8 m, and the axial load level was about 10 % 
of the designed strength of the concrete section (common for 
bridge columns). The cross-section height and width were 30 
and 40 cm, respectively, while the longitudinal reinforcement 
ratio was 1%. The concrete grade was C30/37, while the 
grade of the longitudinal reinforcement steel was S500, and 
the ductility class was C. 

The cyclic horizontal displacement was imposed at the 
top of the columns in the weaker direction with gradually 
increasing cycle amplitudes. At each level of amplitude, two 
cycles were applied in a row while the axial load stayed the 
same. 

One column had standard reinforcement (labeled 
STD/135) and the other had substandard reinforcement 
(labeled SUB/90). These two columns were chosen to test 
the methods described in Section 2. (Fig. 1). Column SUB/90 
and STD/135 had a lateral reinforcement ratio of 0.25 % and 
0.55 % and stirrups' hook angle of 90° and 135°, 
respectively. 

 

 

Figure 1. The cross-sections of columns 

3.2  Material parameters and section analysis 
 
The section analysis was performed in all cases using 

OpenSees [29] with a ZeroLength fibre section. The section 
was divided into concrete and steel fibres. Unconfined cover 
and confined core concrete were considered. They were 
created with the Concrete04 material. Confined concrete 
properties were defined according to the procedures 
presented in Table 2.  

The stress–strain relationships for concrete defined 
according to different procedures are presented in Fig. 2 for 
columns SUB/90 and SUB/135. All of the procedures result 
in a similar strength for the confined concrete. However, the 
ultimate deformations of the confined concrete differ 
significantly. For both columns, the highest ultimate 
deformations were obtained using the EC8/2 procedure, 
while the lowest ultimate deformations resulted from the 
EC8/3a&EC2 procedure. The ratio between the highest and 
lowest ultimate deformations is more than 2. 

Steel02 was used to model the longitudinal 
reinforcement. This material does not limit the maximum 
strain (Table 3). Therefore, it was considered in the post 
processing stage. Fig 3. shows the longitudinal 
reinforcement stress–strain relationships for the two 
columns, together with the limitations of the ultimate strain 
obtained with different procedures (Table 3). The 
experimentally obtained ultimate strain is also presented; 
however, this was obtained under monotonic loading. Thus, 
it exceeded almost all analytical values. 

 

      

a) b) 

Figure 2. Concrete stress–strain relationships assigned in OpenSees for columns a) SUB/90 and b) STD/135 (compression is 
positive) 
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a) b) 

Figure 3. Longitudinal reinforcement stress–strain relationships assigned in OpenSees, Eurocode 8 limitations of the ultimate 
strain and the experimentally obtained ultimate strain for columns a) SUB/90 and b) STD/135 

 
 

The moment–curvature relationships were idealised as 
elastoplastic. Idealisation was performed by assuming the 
pre-yield stiffness is the secant stiffness at the point where 
the first yielding of the longitudinal reinforcement occurs, 
considering the equal surface rule and equalising the areas 
under the actual and idealised curves. 

It was assumed that the ultimate curvature was reached 
when the ultimate strain was attained either in the confined 
concrete or in the longitudinal reinforcement. The idealisation 
of the moment–curvature relationship is illustrated in Fig. 4 
for the example of the prEC8/1 procedure for column 
SUB/90. In this case, the reinforcement failure was identified 
as critical.  

The idealised moment–curvature relationships were 
determined for both columns and all procedures that use 
section analysis (Fig. 5). While the strengths were similar in 
all cases, the maximum curvatures obtained with the 
considered procedures differed significantly. According to all 
procedures except for prEC8/1, the ultimate curvature of 
column SUB/90 was governed by the ultimate strain of the 
confined concrete. In column STD/135, only the 

EC8/3a&EC2 procedure predicted that the concrete failure 
was critical. 

 

 

Figure 4:An example of the idealisation of the moment–
curvature relationship 

 

a) b) 

Figure 5. The idealised moment–curvature relationships for columns a) SUB/90 and b) STD/135 
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3.3  Plastic hinge length  
 
Another parameter that influences the ultimate chord 

rotation is the plastic hinge length. Plastic hinge lengths of 
two considered columns obtained with different procedures 
(see Table 4) are summarised in Fig. 6. The results are 
presented only for the analytical approaches. The largest 
values were obtained with procedure EC8/3a&EC2, which 
amounted to about twice the height of the cross-section. 
According to the other two theoretical procedures, the plastic 
hinge length was about two times smaller. 

 
3.4 Near collapse rotation – comparison with experiments 

 
The NC rotations were calculated using the equations in 

Table 5 and compared to the experimental results. Figs. 7 
and 8 compare columns SUB/90 and STD/135, respectively. 

In SUB/90, the measured NC collapse rotation 
(corresponding to a 20 percent loss of flexural strength) was 

5.5 percent. All the procedures, except EC8/3&EC2, 
matched the experimental data very well.  

In column STD/135, the measured NC chord rotation was 
7.5 %. The analytical procedures (EC8/3a and EC8/2) that 
predicted the NC rotation of the poorly confined column 
SUB/90 significantly overestimated the NC rotation. The NC 
rotation predicted by the empirical procedure EC8/3b was 
slightly lower than the measured one. The analytical 
procedure EC8/3a&EC2 and the combined procedure 
prEC8/1 were the most conservative.  

The comparison of NC rotations obtained with Eurocode 
8 procedures showed that the empirical procedure in the 
current version of Eurocode 8/3 could adequately estimate 
the NC rotation for both poorly and well-confined columns. 
Therefore, this procedure was considered in the second part 
of this study (Section 4), where different approaches for 
modelling the entire post-capping flexural response were 
analysed.  

 
Figure 6. The estimated plastic hinge lengths for the analysed columns 

 

Figure 7. Comparison of predicted NC rotations with experimentally determined value for column SUB/90 
 

 

Figure 8. Comparison of the predicted NC rotations with experimentally determined value for column STD/135 
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4 Moment–rotation relationship for lumped plasticity 
models  

The moment–rotation backbone of plastic hinges is one 
of the key features of lumped plasticity models. Different 
procedures to define the backbone are available. The 
backbone is typically considered trilinear (e.g. [17, 20, 22]), 
having an initial elastic branch, a plastic branch, and a post-
capping branch (Fig. 9a).  

The trilinear model can be refined by increasing the 
number of branches, which may increase the generality of 
the model but also make it more difficult to calibrate. As this 
study focused on the post-capping part of the backbone, the 
impact of increasing the number of branches in that region 
was explored. An example of such a backbone is the 
quadrilinear moment–rotation model with a bilinear post-
capping response (Fig. 9b) proposed by Anžlin [23]. In the 
present study, both types of backbone models, trilinear and 
quadrilinear, were evaluated and compared to the results of 
the experiments presented in Section 3.1. 

4.1 Trilinear moment–rotation backbone 
 
The trilinear moment–rotation backbone (Fig. 9a) can be 

defined by three characteristic points. In this study, the first 
two characteristic points corresponded to the yield (Y) and 
NC limit states.  

The rotations at these limit states were defined according 
to the empirical approach included in the current version of 
Eurocode 8/3 (see Subsection 2.4). Following the typical 
procedures reported in the literature, the capping (Cap) point 
and the total collapse (TC) point were obtained based on the 
slope of the post-capping branch of the backbone curve. In 
their evaluation of a code-compliant structure, Žižmond et al. 
[30] defined the post-capping slope as a ratio of 3.5 between 
the rotation at the TC point and the rotation at the Cap point 
(Model T1 in Table 6). This value is consistent with the 

observations Dolšek [31], which showed that the ratio 
between the TC and Cap rotations in backbone models is 
usually between 3 and 4.  

In another study, Kreslin and Fajfar [22] have analysed 
an older structure and defined the post-capping slope based 
on a ratio between the plastic parts of the TC and NC 
rotations (𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶) equal to 2.0 (Model T2 in Table 6). 

Comparing these two studies suggests that the post-capping 
stiffness is affected by the level of design. Consistent with 
this observation, Anžlin [23] has proposed an equation for 
determining 𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶  based on the effective mechanical 

volumetric confinement ratio in the column,𝜔𝛼 = 𝛼𝜌𝑤𝑓𝑦𝑤 𝑓𝑐⁄  

(Model T3 in Table 6): 

𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶 = 𝑚𝑖𝑛(−0.02𝜔𝛼(%) + 1.55 ≥ 1; 1.34) (34) 

In Model T3, 𝑘𝑝𝑙,𝑇𝐶/𝑁𝐶  was equal to the upper bound 

(1.34) for both columns. 
Three different models of the trilinear moment–rotation 

backbone were defined by considering these three 
approaches. The corresponding moments were calculated 
using the section analysis described in Subsection 2.2 and 
the following assumptions: moments MY and MCap were 
assumed to be equal to the maximum moment from the 
section analysis, moment MNC was assumed to be 80 % of 
MCap, and moment MTC was assumed to be 0. Moreover, the 
rotations at points Y and NC (see Fig. 9) were considered 
equal to rotations 𝜃𝑦 and 𝜃𝑢𝑚, respectively. They were 

defined according to the Eurocode 8/3 empirical procedure 
(see Subsection 2.4). 

The moment–rotation backbones were calculated for the 
two tested columns (Subsection 3.1) and compared to the 
experimentally obtained cyclic responses (Fig. 10). All three 
backbone models intersect at the NC point, one of the 
modelling assumptions. At this point, the models matched 
well with the experimental results, which is a direct 
consequence of the capability of the Eurocode 8/3 empirical 
procedure to predict the NC rotation. 

 

 
a) 

 
b) 

Figure 9. Moment–rotation backbone models: a) trilinear and b) quadrilinear 
 

Table 6. Characteristic points of trilinear moment–rotation backbone models 

Model 
Characteristic 

point 
Rotation 

Model T1 
Cap 𝜃𝐶𝑎𝑝 = 𝜃𝑁𝐶/1.5 

TC 𝜃𝑇𝐶 = 3.5𝜃𝐶𝑎𝑝 

Model T2 
Cap 𝜃𝐶𝑎𝑝 = 1.25𝜃𝑁𝐶 − 0.25𝜃𝑇𝐶 

TC 𝜃𝑇𝐶 = 𝜃𝑌 + 2.0(𝜃𝑁𝐶 − 𝜃𝑌) 

Model T3 
Cap 𝜃𝐶𝑎𝑝 = 1.25𝜃𝑁𝐶 − 0.25𝜃𝑇𝐶                𝑘𝑝𝑙,𝑇𝐶 𝑁𝐶⁄ = 1.34 

TC 𝜃𝑇𝐶 = 𝜃𝑌 + 𝑘𝑝𝑙,𝑇𝐶 𝑁𝐶⁄ (𝜃𝑁𝐶 − 𝜃𝑌)    (SUB/90 and STD/135) 
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a) b) 

Figure 10. Comparison of trilinear moment–rotation backbones for columns a) SUB/90 and b) STD/135 
 
 

Model T1 and Model T2 provided a fair prediction of the 
post-capping region up to the NC point for both columns. 
This result was expected because these models were 
originally proposed for such purposes. However, Model T3 
gives the best prediction for the poorly confined column from 
the NC point on. However, none of the trilinear backbone 
models was suitable for modelling the entire post-capping 
region of both columns. 

4.2 Quadrilinear moment–rotation backbone 
 
In order to better match the post-capping response with 

the experimental results, four quadrilinear moment–rotation 
backbone models were also defined (Fig. 9b). The definition 
of quadrilinear backbone models includes an additional 
characteristic point as an independent parameter. The Cap 
point, which has already been addressed, was used as this 
additional fourth characteristic point. For all quadrilinear 
backbone models, the capping rotation was calculated 
according to the empirical procedure proposed by Haselton 
[10]: 

where 𝑣 is the level of axial load, 𝑓𝑐 is the concrete 

compressive strength, 𝜌𝑙 is the longitudinal reinforcement 

ratio, 𝜌𝑠𝑥 is the ratio of lateral reinforcement in the direction 

of loading, and 𝛼𝑠𝑙 is an indicator of the possibility of bond–
slip. The moment corresponding to the Cap point was 
considered equal to the maximum moment from the section 
analysis in the same manner as for the trilinear backbone 
(Subsection 4.1). Moreover, the same moments and 
rotations corresponding to the Y and NC points were used 
as for the trilinear backbone.  

Four quadrilateral models with different post-NC 
branches were considered (see Table 7 and Fig. 11). Models 
Q1 and Q2 were defined based on the same assumptions as 
the trilinear backbone models (Subsection 3.1). In Model Q3, 
the rotation at the TC point was obtained using the ratio 
between the rotation at the TC point and the Cap point 

(𝑘𝑇𝐶/𝐶𝑎𝑝) proposed by Anžlin [23], specifically for 

application to quadrilinear backbones: 
 

 𝜃𝐶𝑎𝑝 = 0.12(1 + 0.4𝛼𝑠𝑙)(0.2)
𝑣(0.02 + 40𝜌𝑠𝑥)

0.52(0.56)0.01𝑓𝑐(2.37)10𝜌𝑙 (35) 

 𝑘𝑇𝐶/𝐶𝑎𝑝 = 𝑚𝑖𝑛(0,19𝜔𝛼(%);−0,02𝜔𝛼(%)+ 6.86; 4) (36) 

 

Table 7. Characteristic points of quadrilinear moment–rotation backbone models 

Model 
Characteristic 

point 
Rotation 

Model Q1 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14 

TC 𝜃𝑇𝐶 = 3.5𝜃𝐶𝑎𝑝 

Model Q2 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14 

TC 𝜃𝑇𝐶 = 𝜃𝑌 + 2.0(𝜃𝑁𝐶 − 𝜃𝑌) 

Model Q3 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14                   𝑘𝑇𝐶 𝐶𝑎𝑝⁄ = 2.1 (𝑆𝑈𝐵 90⁄ ) 

TC 𝜃𝑇𝐶 = 𝑘𝑇𝐶 𝐶𝑎𝑝⁄ 𝜃𝐶𝑎𝑝                      𝑘𝑇𝐶 𝐶𝑎𝑝⁄ = 3.2 (𝑆𝑇𝐷 135⁄ ) 

Model Q4 
Cap 𝜃𝐶𝑎𝑝 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 14 

TC 𝜃𝑇𝐶 − 𝑓𝑟𝑜𝑚 𝐸𝑞. 16 
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a) b) 

Figure 11. Comparison of quadrilinear moment–rotation backbones for columns a) SUB/90 and b) STD/135 
 
 

In Model Q4, the rotation at the TC point was obtained 
using an empirical expression for post-capping rotation 
capacity developed by Haselton [10]: 

 
 
 

 𝜃𝑇𝐶 = 𝜃𝐶𝑎𝑝 + 0.76(0.031)
𝑣(0.02 + 40𝜌𝑠𝑥)

1.02 ≤ 𝜃𝐶𝑎𝑝 + 0.1 (37) 

This model was selected by considering the capping 
rotation model (Eq. (35)) proposed by the same author. Eqs. 
(35) and (37) were originally proposed for use in combination 
with the Ibarra hysteresis model [20]. This model accounts 
for history-dependent strength and stiffness deterioration, 
which is not the case in the present study.  

The quadrilinear moment–rotation backbones are 
compared with the experimental data in Fig. 11. In the poorly 
confined column, the post-capping response was very 
accurately predicted by Model Q3, while the other three 
models overestimated the TC rotation. The experimental 
response of the well-confined column was simulated very 
well by Models Q1, Q3 and Q4. The model Q2 slightly 
underestimated the moments after the NC point. This 
outcome was expected because Model Q2 was originally 
used to predict the post-capping response of columns that 
did not meet the requirements of Eurocode. Model Q3 was 
found to be the most general and suitable for predicting the 
post-capping response of both poorly and well confined 
columns based on these findings.  

 
 

4.3 Application of the quadrilinear moment–rotation 
backbone model  

 
The best match with the experimental results was 

obtained with the quadrilinear backbone model (see Fig. 
11b) defined by: (i) the Cap rotation calculated according to 
Haselton [10], (ii) the NC rotation determined according to 
the empirical Eurocode 8/3 procedure [25], and (iii) the TC 
rotation as proposed by Anžlin [23]. Therefore, this model 
was chosen for the simulation of the cyclic experiments. The 
experiments were numerically simulated in the OpenSees 
software [29]. The columns were modelled with the Giberson 
lumped plasticity model. A nonlinear ZeroLength element 
was used at the base to model the nonlinear response. The 
rest of the column was represented by an infinitely stiff and 
elastic element.  

The cyclic behaviour of the nonlinear element was 
modelled using the TakedaDAsym material [32] which 
follows the Takeda hysteresis rules [1] and considers a 
quadrilinear moment–rotation backbone. The analytical and 
experimental cyclic responses are compared in Fig. 12. They 
had a good match for both the poorly and well confined 
columns.  

 

a) b) 

Figure 12. Results of numerical analysis for columns a) SUB/90 and b) STD/135 
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5 Conclusions 

Different procedures for estimating the NC rotation 
included in Eurocode 8 (current versions of Eurocode 8/3 
[25], Eurocode 8/2 [26], and the draft of the new version of 
Eurocode 8/1 [27]) were compared and evaluated by cyclic 
experiments of well- and poorly-confined RC columns with 
rectangular cross-sections.  

Some procedures predicted the response of substandard 
columns well but were less effective for standard columns, 
while others had the opposite results. The only effective 
procedure in both cases was the empirical procedure 
included in Eurocode 8/3.  

The NC rotation estimated according to the Eurocode 8/3 
empirical procedure was used as a basis to define several 
trilinear and quadrilinear moment–rotation backbone 
models. These were verified against the experiments, and 
the most suitable model was identified.  

The models proposed in the literature for columns with a 
certain level of confinement may not be generally suitable. 
The generality of a model can be improved by increasing the 
number of branches in the post-capping part of the 
backbone. The best match for both types of columns was 
obtained using the quadrilinear backbone model defined by: 
(i) the Haselton capping rotation [10], (ii) the Eurocode 8/3 
NC rotation, and (iii) the TC rotation proposed by Anžlin for 
quadrilinear backbones [23]. 

This quadrilinear backbone model is proposed for 
simulating the seismic response of reinforced concrete 
elements with predominantly flexural behaviour. The results 
suggest that the model can be applied generally regardless 
of the seismic design level of the structure, which is a useful 
feature when analysing a portfolio of structures constructed 
in different periods. Moreover, the proposed model simulates 
the seismic response at various intensity levels up to the 
point of TC, making it suitable for studies to estimate the risk 
of casualties.  

However, only a limited number of columns were 
considered in this study. Extension of the presented study is 
needed, and it is planned to be performed soon. Moreover, 
further research is needed to evaluate the impact of the 
modelling uncertainty associated with the simulation of the 
post-capping response on the risk of casualties, as this 
would help to better understand the significance of 
appropriate modelling of the post-capping region.  
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A r t i c l e  h i s t o r y  A B S T R A C T  

Cross-laminated timber (CLT) is an innovative engineering wood product made by 
gluing layers of solid timber boards placed in an orthogonally alternating orientation 
to the neighbouring layers. CLT panels provide an efficient solution for floors in 
single- and multi-storey buildings. Due to their light weight and often long-span, the 
design of these floors is generally governed by serviceability limit state criteria, that 
is, deflection or vibration limits. Vibrations induced by dynamic actions, such as 
people walking and their everyday activities, cannot result in structural failure but 
may cause discomfort to occupants if vibrations are not properly controlled. This 
paper gives an overview of some available methods for the vibration serviceability 
design of residential CLT floors. Differences between these methods are discussed 
through the consideration of criteria and their limit values. Although some criteria 
are common to certain methods, it may happen that the same criteria take into 
account different factors. In order to get a better description of the actual behaviour 
of floor structure, certain classifications of floors based on vibration serviceability 
performance were introduced in design methods. 
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1 Introduction 

Cross-laminated timber (CLT) is a massive engineering 
wood product made by gluing cross-wise layers of solid 
timber boards together to form large-scale panels. CLT 
products are usually fabricated with an odd number of layers 
(in general, three to seven layers). Due to their excellent in-
plane and out-of-plane resistance, CLT panels have become 
very common for walls and floors. Advantages such as 
dimensional stability, good acoustic and thermal properties, 
and a high level of prefabrication make CLT a competitive 
structural material for many building types. 

For CLT panels used as floor elements, serviceability 
limit states (deformations, vibrations) generally control the 
design. Although floor vibrations may result from many 
sources (e.g. use of machinery, external traffic, explosions), 
the most common and problematic ones are caused by the 
occupants themselves from their everyday activities. Such 
vibrations are particularly problematic because they cannot 
be easily isolated from the structure and they occur 
frequently [1]. Human-induced vibrations do not collapse 
floors, but they can annoy occupants or cause malfunctions 
of vibration-sensitive equipment.  

When compared to heavy floors such as those made of 
concrete, the amplitudes of vibration responses found in 
timber floors are relatively high. This is because amplitudes 
of response are inversely proportional to the self-weight of 
the structure being vibrated. As human bodies are generally 
sensitive to vibrations, this high-level response can cause 
discomfort and disturbance to building occupants. As a 
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result, design requirements for disturbing vibration 
performance are especially important for light-weight floors 
made of materials such as timber. New floor systems, such 
as CLT floors, differ in mechanical characteristics compared 
to traditional joist floors, as strength and stiffness are higher 
both in the load-bearing (longitudinal) and transverse 
directions. This also improves vibration performance, but the 
issue of floor vibrations induced by human activities is still 
very significant since new building designs allow buildings 
with larger spans. 

Vibrational performance of wood floor systems has 
received a lot of attention in the last few decades, and 
different design rules have been suggested. Proposed 
design methods range from simple limitations of static 
deflection to those intended to limit fundamental frequency 
and vibration velocity or acceleration levels at floor surfaces 
caused by defined excitations [2]. However, the vibration 
serviceability design criteria applied to traditional timber 
floors are probably not appropriate for CLT floor design. 

This paper focuses on the basic principles for the 
vibration design of residential floors made of cross-laminated 
timber. Some available design methods are presented and 
compared. Due to differences in considered parameters and 
limit values, application of these methods may lead to 
significantly different results. 
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2 Floor dynamics 

Acceleration and deceleration of the human body during 
various human activities cause dynamic forces. Forces 
depend upon many factors, including characteristics of the 
person(s) involved, activity being undertaken (e.g., walking, 
running, jumping), number of people, whether activities of 
different people are coordinated, and characteristics of the 
floor surface [3]. Walking excitation is commonly associated 
with the annoying vibration of timber floors. Walking 
frequency (common range 1.5-2.5 Hz) has a direct impact on 
the dynamic load applied. The dynamic force of walking has 
been found to excite frequencies up to the third or fourth 
harmonic of walking frequency [4]. 

The vibration response of a floor when subjected to 
dynamic loading depends on its stiffness, mass, and 
damping. For each floor mode of vibration, stiffness and 
mass determine the floor's natural frequencies, while 
damping affects the time it takes for an induced vibration to 
decay. Depending on the value of the fundamental 
frequency, the vibration response of the floor due to people 
walking may differ [5]. So-called low-frequency floors have a 
fundamental frequency below 8-10 Hz and can respond to 
walking excitation with resonant vibrations. The resonance is 
constantly maintained by continuous walking. On the other 
hand, high-frequency floors with a fundamental frequency 
above 8-10 Hz show a transient vibration response to each 
individual heel strike from each footstep. Depending on the 
intervals between successive impacts and the damping of 
vibration, adjacent transient vibration responses may interact 
with each other. 

The response of floors to an impact can be represented 
by the time history of displacement, velocity, or acceleration 
[6]. Quantities such as peak value or root-mean-square 
(r.m.s.) value have been used as a measure of human 
sensitivity to vibration. The peak value is extracted from the 
initial part of the response (forced vibration) due to an impact. 
The r.m.s. value is determined from the entire response, 
including the initial forced and free vibration parts of the 
response. 

The use of CLT elements has altered the characteristics 
of the dynamic response of floors and complete buildings, 
resulting in more vibration serviceability problems. At least in 
part, this is because engineered wood products, such as 

CLT, increase the modal stiffness-to-mass ratio and the 
design live load-to-dead load ratio, both of which tend to 
result in increased vibration acceleration levels [2]. 

3 Human perception of floor vibrations 

The human body is an incredibly complex and sensitive 
receiver that is self-adapting and more or less susceptible to 
almost any type and level of motion, such as periodic, 
random, or transient vibrations, which normally occur in 
nature [7]. Acceptable vibration levels for human occupancy 
vary with the individual’s activity, body posture, life 
environment, and expectation of felt vibrations. The 
presence of visual or audio effects may significantly reduce 
the acceptable vibration magnitude. Therefore, it is difficult 
to set the threshold for human perception of vibrations. 

The characterization of building vibration with respect to 
human response is given in ISO 10137 Annex C [8], which 
includes “base curves” expressed as a function of r.m.s. 
acceleration and frequency. At vibration acceleration 
magnitudes below the values corresponding to the base 
curves, in general, adverse comments, sensations, or 
complaints are very rare. Since the magnitude that is 
considered satisfactory, depends on the circumstances, 
multiplying factors are used to increase the acceleration level 
of these base curves according to the intended use of the 
building. These multiplying factors are referred to as 
"response factors." 

The base curve for vertical vibration is presented in 
Figure 1. The graph shows that the perception threshold for 
vibrations is lowest for the frequency range between 4 and 8 
Hz, with a constant value of arms,base = 0.005 m/s2. Vibrations 
having a frequency between 4 and 8 Hz are particularly 
critical because large body organs within the rib cage and 
abdomen resonate within this frequency range. Above 8 Hz, 
the  minimum perception level is not constant in terms of 
acceleration, but it increases as the frequency increases. 
However, when this part of the curve is integrated, it can be 
shown that it is constant in terms of velocity with a value of 
vrms,base = 0.0001 m/s. Therefore, below the floor frequency 
of 8 Hz, the acceleration criterion for vibration perception 
threshold can be applied, and above the 8 Hz, velocity 
criterion can be applied. 

 

 

Figure 1. Building vibration z-axis base curve for acceleration (vertical direction) [8] 
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4 Design methods for CLT floor vibrations 

The vibration serviceability design method in current 
Eurocode 5 [9] essentially refers to the design of joisted 
floors, where annoying vibration is attributed to isolated floor 
structure. As CLT floors are solid slabs, their vibration 
performance differs from that of traditional timber floors. Due 
to the fact that shear flexibility in CLT is of crucial importance 
and is already taken into account when calculating 
deflections, it is also mandatory to consider it in the context 
of vibrations. CLT slabs can have hinge-like joints between 
adjacent segments that enforce vertical translation continuity 
but not continuity of curvature at those locations, which 
makes their behaviour inconsistent with joisted floors [10]. 
Due to the orthotropic nature of CLT, floor stiffness is not 
equal in perpendicular directions, but appropriate support 
conditions can be provided at all edges. For floor elements 
supported on four sides, the transverse load-carrying effect 
should be taken into account. For multi-span systems, the 
continuous slab effect should be considered.  

Multi-storey CLT buildings are generally of platform 
construction, where each successive storey is built from the 
floor below; hence, the floor is clamped in between walls of 
two storeys. A degree of semi-rigidity is therefore expected 
in all CLT floor-to-wall connections, which, combined with the 
stiffness of the walls above and below, will influence the 
dynamic response of the floor [11]. Thus, another highly 
important aspect of vibrations is seen in the influence of 
support conditions (e.g., hinged, partly clamped, fully 
clamped) and in the influence of upper-storey loads 
transmitted through the walls on the degree of clamping. In 
addition, the vibration behaviour of CLT floors is strongly 
influenced by non-load-bearing internal walls, flooring 
systems, and suspended ceilings [12].    
 
4.1 Design method according to Hamm et al. 

 
The vibration serviceability design method proposed by 

Hamm et al. [13] is the result of a research project at the 
Technical University of Munich that involved experimental 
and theoretical investigations of different types of timber 
floors (timber-joist  floors, timber-concrete floors, and 
massive timber floors). Based on this research, the Austrian 

National Annex NORM B 1995-1-1 [14] was created. It 
should be noted that this is the only national annex to 
Eurocode 5 that addresses CLT floor vibrations. 

Rules for design and construction applicable to timber 
floors are divided into three different classes according to 
Table 1. The first step is to decide whether floors should have 
higher or lower vibration performance demands, or no 
demands at all. 

In general, the fundamental frequency f1 of the floor is 
used for verification of the frequency criterion. The 
fundamental frequency of a simply supported rectangular 
floor can be calculated as: 

− For floors supported on two sides: 
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− For floors supported on all four sides: 

( ) ( )

( )
 

  
= +  

  
1 2

4

1   Hz
2

L B

L

EI EIL
f

m B EIL
 

(2) 

where: 
L is floor span, in m; 
B is floor width, in m; 
m is mass per unit area of floor, in kg/m2. 
(EI)L is effective stiffness in longitudinal direction of the 

CLT element (with possible final screed, but without 
composite action, just adding its own moment of 
inertia), in Nm2/m; 

(EI)B is effective stiffness in transverse direction of the 
CLT element, where (EI)L> (EI)B, in Nm2/m. 

Since subjective evaluation of the vibration behaviour of 
floors is not correlated with frequency, it is equally important 
to check the stiffness criterion. Deflection of the floor due to 
a point load of 2 kN may be determined as follows: 
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Table 1. Floor classes, constructive requirements and limiting values of criterions [13] 

 Floor class I Floors class II Floors class III 

Vibration demands Floors with higher demands Floors with lower demands 
Floors without 

demands 

Description of 
perception of vibrations 

- Vibrations are not 
perceptible or perceptible 
only when concentrating on 
them 

- Vibrations are not annoying 

- Vibrations are perceptible 
- Vibrations are not annoying 

- Vibrations are 
clearly 
perceptible 

- Vibrations are 
sometimes 
annoying 

Type of use 

- Corridors with short span 
- Floors with different 

occupancies 
- Floors in offices 

- Floors inside occupancies 
- Floors in single-family 

houses under normal use 

- Floors under 
non-residential 
rooms or roof 
spaces 

Constructive 
requirements 

Floating, heavy or light screed 
on grit fill or not 

Floating, heavy or light screed 
on grit fill or not 

- 

Frequency criterion flimit = 8 Hz flimit = 6 Hz - 

Stiffness criterion wlimit = 0.5 mm wlimit = 1.0 mm - 

Acceleration criterion alimit = 0.05 m/s2 alimit = 0.1 m/s2 - 
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with 

  
=  
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where: 
Beff is effective floor width for calculating deflection, in m;  
L, B, (EI)L and (EI)B are as previously defined. 

The reason for using a load of 2 kN instead of the 
standard 1 kN was the good correlation between deflection 
values and subjective vibration behavior evaluation. 

In the verification procedure, the vibration serviceability 
limit state for CLT floors is satisfied if the limiting values given 
in Table 1 are not exceeded. The fundamental frequency for 
floors classified as floor classes I and II must be at least f1,min 
= 4.5 Hz. In the case of floor structure with f1,min ≤ f1 ≤ flimit, 
the limiting value of vibration acceleration should be satisfied 
in addition to the stiffness criterion. The value of vibration 
acceleration can be calculated as follows: 


 = =        

2

*

dyn 0.4 ( )
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0.25 22

F F t
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where: 
Fdyn is total dynamic force that includes factor of 0.4 

considering that the force on the floor is acting during 
a limited time and not always in the middle of the 
span, in N; 

F(t)  are harmonic parts of the force on the floor (for third 
harmonic part F(t) = 70 N); 

M *  is modal mass of the floor, in kg; 
ζ is modal damping ratio of floor construction (for bare 

CLT floors ζ = 0.01; for CLT floors with floating 
screed ζ = 0.02);  

m, L and B are as previously defined, but for this criterion B 
should be less than 1.5∙L. 
 
4.2 Design method according to Thiel et al. 

 
Based on in-situ measurements on CLT buildings at 

different construction phases conducted by the Competence 
Centre holz.bauforschungsgmbh Austria, Thiel et al. [15] 
expanded and modified design method from Hamm et al. 

As previously stated, vibration acceleration must be 
checked if the fundamental frequency is less than the critical 
value, in addition to frequency and stiffness criteria. Without 
detailed explanation, as the following equations refer to the 
previous design method, the focus is on the additional 
parameters that are taken into account. 

When a floor is supported on all four sides, the transverse 
load-carrying effect should be considered.  

That is, both torsional stiffness Dxy and effective bending 
stiffness in the transverse direction (EI)B should be included 
in the fundamental frequency calculation, as shown below:  
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In addition, shear flexibility in CLT elements should be 
considered using the effective apparent bending stiffness 
(EI)L (based on bending and shear deformations). 
Additionally, different support conditions and a continuous 
floor effect for multi-span floors can be considered through 
modification factors km and kf,2 that multiply the frequency. 

In the examination of the stiffness criterion, the maximum 
instantaneous vertical deflection due to a concentrated static 
force F=1 kN should be determined and compared with the 
limit value. Load distribution and shear flexibility should be 
considered when calculating the deflection: 
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where: 
Beff is floor effective width according to eq. (4);  
(GA)L is effective shear stiffness in longitudinal direction of 

the CLT element. 
Vibration acceleration depends on the effective 

(generalised) floor mass Mgen, floor fundamental frequency 
f1, excitation frequency ff (see Table 2), Fourier coefficient of 
the prevailing harmonic partial oscillation αi, f1 (see Table 2), 
self-weight of the excitatory person F0 = 700 N and the modal 
damping ratio ζ. For single-span floors, it may be determined 
as follows: 
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with effective floor mass: 

 =    
2

gen eff   kg/m
2

L
M m B  (9) 

where Beff is floor effective width according to eq. (4), but with 
Beff ≤ half room width B/2. 

The damping ratio ζ for CLT floors was found to be 
between 2% and 3.5%, depending on the type of floor 
construction and support conditions. 
 

 
Table 2. Fourier coefficients and excitation frequencies based on fundamental frequency [15] 

Fundamental frequency f1 [Hz] Fourier coefficient αi, f1 Excitation frequency ff [Hz] 

4.5 <f1 ≤ 5.1 0.20 f1 

5.1 <f1 ≤ 6.9 0.06 f1 

6.9 <f1 ≤ 8.0 0.06 6.9 
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4.3 Design method according to Hu and Gagnon 
 
Hu and Gagnon [16] developed design criteria based on 

understanding the fundamentals of CLT floor vibrations as 
well as laboratory tests and subjective evaluations of 
vibration floor performance conducted in Canada. The CSA 
O86 Technical Committee included this vibration-controlled 
design method in the CLT design guidance of CSA Standard 
[17]. 

Based on the laboratory study data analysis, it was found 
that vibrations induced by normal walking could be effectively 
controlled by designing a floor with a proper combination of 
longitudinal stiffness and mass, as expressed by the 
fundamental frequency f1 and the 1 kN static deflection w of 
a 1 m wide CLT panel. The design criterion is expressed as: 

− For bare CLT floors or CLT floors with light topping: 

1
0.7

13.0
f

w
 (10) 

− For CLT floors with heavy topping (mass per unit area 
> 100 kg/m2): 

1
0.7

20.0
f

w
 (11) 

Proposed limit values may be increased for multi-span 
floors and floors with semi-rigid or rigid support conditions, 
as these changes in parameters increase the natural 
frequency. 

The fundamental frequency of a simply supported CLT 
panel may be calculated as follows: 

ρ
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where: 
L is floor span, in m; 
(EI)L is effective apparent bending stiffness in span 

direction for 1 m wide panel, which takes into account 
shear deformation, in Nm2; 

ρ is density of CLT panel, in kg/m3; 
A is cross section area of 1 m wide CLT panel, in m2. 

Static deflection at mid-span of a simply supported CLT 
panel under a 1 kN point load may be calculated as: 
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where: 
F is vertical concentrated static force of 1000 N 

applied at mid-span of the floor;  
L and (EI)L  are as previously defined. 
 
‚4.4 Design method according to Abeysekera et al. 

 
Abeysekera et al. [18] presented new design rules for the 

vibration serviceability of timber floors, which are currently 
being drafted in CEN/TC250/SC5/WG3 Sub-group 4 
“Vibrations”. The revision of the chapter on vibrations in 
Eurocode 5 is adapted for use in the design of floor structures 
made from CLT. 

The new design method for human-induced floor 
vibrations introduces floor performance levels as given in 
Table 3. Level I stands for the best floor performance level, 
VI for the worst, but still acceptable, and VII for an 
unacceptable floor performance level. Table 4 shows the 
recommendation for selecting the floor performance level for 
residential categories. Nevertheless, these floor 
performance levels should be specified in the National 
annexes of each member country, as it is necessary to 
consider cultural variations between countries, or they 
should be specified by investors or designers. 

For floor performance levels from I to VI, no further 
investigations are necessary if requirements in respect to 
fundamental frequency, acceleration or velocity, and 
stiffness from Table 3 are satisfied. 

In the case of single- or multi-span rectangular floors 
supported on two or four sides directly onto rigid supports, 
primarily subjected to uniform loading, the fundamental 
frequency may be determined as: 
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Table 3. Floor performance levels and corresponding criterions [18] 

Criterion 
Floor performance levels 

I II III IV V VI VII 

Frequency criterion f1 [Hz] ≥ 4.5 

Stiffness criterion w [mm] ≤ 0.25 0.5 0.8 1.2 1.6 

no 
criterion 

Response factor R ≤ 4 8 12 16 20 24 

Acceleration criterion 
 (whenf1< 8 Hz) arms [m/s2] ≤ 

R × 0.005 

Velocity criterion  
(whenf1 ≥ 8 Hz) vrms [m/s2] ≤ 

R × 0.0001 

 
Table 4. Recommended selection of floor performance levels for residential use category [18] 

Use category Quality choice Base choice Economy choice 

Residential – multi-storey Level I, II, III Level IV Level V 

Residential – single house Level I, II, III, IV Level V Level VI 
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where: 
ke,1 is frequency multiplier in the case of a double-span 

floor on rigid supports; 
ke,2 is frequency multiplier in the case of a two-way 

spanning floor; 
L is floor span, in m; 
B is floor width, in m; 
(EI)L is apparent effective bending stiffness in longitudinal 

floor direction which should take into account shear 
deformation where applicable and may take into 
account bending stiffness of floating floor or screed 
(without composite action), in Nm2/m; 

(EI)B is effective bending stiffness in transverse floor 
direction, in Nm2/m; 

m is mass per unit area of the floor, in kg/m2. 
When calculating vibrations, floor mass should be a 

unique value, including at least the sum of mass caused by 
permanent loads (the self-weight of the floor as well as all 
supported or suspended horizontal layers). The floor mass 
may also include mass caused by the quasi-permanent value 
of uniformly distributed imposed loads. It is recommended to 
consider only additional mass induced by movable 
equipment (such as furniture) limited to 10% of total imposed 
loads. 

When all factors affecting deflection are taken into 
account, such as when floors are partially or completely 
supported by non-rigid supports or when floors are not only 
subjected to uniform loading, eq. (14) can be replaced with:  

 =
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where 𝛿s𝑦s is deflection of the floor under self-weight load 
applied on a single bay in a multi-span case, in mm. 

When the fundamental frequency of the floor is below 8 
Hz, floor vibration is assumed to be resonant. For resonant 
vibration design situations, root mean square acceleration 
arms may be approximated as: 
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where: 
α  is Fourier coefficient according to the fundamental 

frequency as α = e–0,4∙f1; 
F0  is vertical load of a walking person, usually taken as 

700 N, in N; 
ζ  is modal damping ratio; 
M* is modal mass (taken as 50% of m∙L∙B for floors 

supported on two sides, and as 25% of m∙L∙B when 
floor is supported on all four sides), in kg. 

When the fundamental frequency of the floor is equal to 
or above 8 Hz, floor vibration is assumed to be transient. For 
transient vibration design, root mean square velocity vrms can 
be approximated as follows:  
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where: 
β  = (0.65 – 0.01 ∙ f1) ∙ (1.33 – 11.0 ∙ ζ) ∙ η; 
η  = 1.52 – 0.55 ∙ kimp when 1.0 ≤ kimp ≤ 1.5, else η = 

0.69; 
vtot,peak is total peak velocity response, in m/s; 
kimp  is impulse multiplier factor; 
v1,peak is peak velocity response for fundamental mode, in 

m/s; 
kred is reduction factor with a value of 0.7 considering 

that exciting source on floor and sensing person are 
at a distance from each other; 

I  is mean modal impulse, in Ns; 
fw  is walking frequency and is assumed to be 1.5 Hz 

for residential floors, in Hz; 
ζ  is modal damping ratio; 
M*, L, B, (EI)L, (EI)B and f1 are as previously defined. 

Realistic floor damping values are needed for the design 
procedure. Unless other values are proven to be more 
appropriate, the modal damping ratio for CLT floors may be 
assumed to be between 2.5 and 6% depending on floor 
construction, support conditions, the presence of non-load-
bearing partitions, and the presence of people on the floor. 

For all floors, there is a stiffness criterion that checks 
maximum deflection due to a single point load of 1 kN placed 
in the most unfavourable position of a single span floor strip 
having an effective width Beff calculated according to eq. (4). 
Although this empirical criterion based on historical practice 
is not very relevant for CLT floors due to the neglect of floor 
mass, it allows an approximate comparison of proposed 
performance levels with existing requirements. The 
maximum deflection in mid-span of a single-span floor may 
be calculated as follows: 
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where all of the parameters are as previously defined. 

5 Calculation of the stiffness properties of CLT floors 

As stiffness properties participate in each vibrational 
serviceability design method, it is important to specify how 
they can be calculated. Even though advanced plate theories 
were proposed, the current design of CLT elements, usually 
treated as one-meter-wide panel strips under transverse 
load, is based on beam theories. Traditional Euler-Bernoulli 
beam theory is the most commonly used approach for 
bending elements. However, as a result of shear 
deformations in CLT elements, it cannot be applied directly. 
There are basically three analytical methods for calculating 
the bending properties of CLT floors: the Gamma method, 
the K-method, and the Shear analogy method [19]. The main 
assumption when applying these methods is that floors are 
simply supported, loaded perpendicular to their plane, and 
carry load only in one longitudinal direction. 

 
5.1 Gamma method 

 
The Gamma method is based on the theory of a 

mechanically joined beams and is mostly used for beams 
with member sections flexibly connected by mechanical 
fasteners that are evenly spaced. Cross-sections and joint 
stiffness are constant in the direction of the beam axis. Shear 
deformation is accounted for by connection efficiency factors 

, which increase bending deformation, where = 1,0 

represents a rigid connection and  = 0 represents no 
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connection at all. The Gamma method is shown in Annex B 

of Eurocode 5 [9], and current European Technical 
Approvals (ETA) have adopted this method for CLT bending 
elements. 

Certain changes to the original theory were introduced so 
that it could be applied to CLT panels. Assuming that only 
boards in the longitudinal direction are carrying the load, only 
longitudinal layers are used for calculating the effective 
bending stiffness. The effect of cross layers is considered 
only through their rolling shear properties as the stiffness of 
imaginary fasteners connecting longitudinal layers. Shear 
deformations in longitudinal layers are ignored, so this 
method should be applied to CLT floors with span-to-depth 
ratios greater than 10. 

Effective bending stiffness in the longitudinal direction, 
for cases with two or three longitudinal layers, is defined as 
follows: 
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where: 
n is number of longitudinal layers; 
Ei is modulus of elasticity parallel to the grain of the i-th 

longitudinal layer; 
Ii is moment of inertia of the i-th longitudinal layer (Ii = b·ti3 

/ 12); 
Ai is cross-section area of the i-th longitudinal layer (Ai = 

b·ti); 
b is width of CLT cross-section (usually taken as 1 m); 
ti is thickness of the i-th longitudinal layer; 
zi is distance between the center point of the i-th 

longitudinal layer and neutral axis of CLT cross-section, 
as presented in Figure 2; 

ti,2 is thickness of cross layer next to the i-th layer; 
GR,i,2 is shear modulus perpendicular to the grain (rolling 

shear modulus) of cross layer next to the i-th layer; it 
can be assumed to be 1/10 of shear modulus parallel 
to the grain G0; 

L is span of CLT panel. 
 

 

Figure 2. Cross-section of symmetrical 5-layer CLT panel 
with relevant distances and thicknesses for the Gamma 

method 
 
The Gamma method has an advantage over other 

methods for panels with asymmetrical cross-sections due to 
the different layer thicknesses or material properties of the 
layers. However, this method can be difficult to apply in multi-
span floors and when a CLT panel has more than five layers. 

Furthermore, the Gamma method cannot provide precise 
effective stiffness in the transverse direction. 

 
5.2 K-method 

 
Blass and Fellmoser [20] established the K-method by 

applying the theory of composite materials to CLT panels. In 
this method, it is assumed that the stiffness of each layer 
adds to the effective bending stiffness of a CLT panel when 
it is bent. Since this method does not take into account how 
shear deformation affects each layer, it works best for CLT 
floors with a high span-to-depth ratio (greater than 30). 

To obtain the value of effective bending stiffness (EI)eff, 
the modulus of elasticity parallel to the grain E0  of each 
individual layer needs to be multiplied by a composition 
factor ki depending on certain loading configurations, as well 
as on the panel orientation. For floors loaded perpendicular 
to their plane, it is relevant to use k1 and k2 composite factors 
for longitudinal and transverse floor directions. Hence, 
effective bending stiffnesses in longitudinal and transverse 
directions, respectively, are defined as follows: 
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where: 
E0 is modulus of elasticity parallel to the grain of individual 

layer; 
E90 is modulus of elasticity perpendicular to the grain of 

individual layer;it can be assumed to be 1/30 of 
modulus of elasticity parallel to the grain E0; 

b is width of CLT cross-section (usually taken as 1 m); 
m is total number of layers; 
am, am-2, am-4…,a1are relevant thicknesses of the panel. 

 

 

Figure 3. Cross-section of symmetrical 5-layer CLT panel 
with relevant thicknesses for K-method 

 
For a 5-layer CLT panel, am is the thickness of the whole 

panel, am−4 is the thickness of the middle layer, and am−2 is 
the panel thickness minus the thickness of the outer layers 
(Figure 3). 

 
5.3 Shear analogy method 

 
The shear analogy method was developed by Kreuzinger 

[21] and shares many similarities with the Timoshenko beam 
theory. This method takes into account shear deformation of 
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both longitudinal and cross layers and has been proven to be 
the best model for calculating the bending stiffness of CLT 
panels. This method has been implemented in Canadian and 
American standards for the design of timber structures [22]. 

The main principle of the shear analogy method is that 
the cross-section of a CLT panel is approximated with two 
rigidly coupled virtual beams that have equal deflection. One 
virtual beam has a bending stiffness equal to the sum of the 
inherent bending stiffnesses of each layer with infinite shear 
stiffness, while the bending stiffness of the second virtual 
beam is presented as the sum of the Steiner points of each 
layer (Steiner’s theorem) with definite shear stiffness. Based 
on this, effective bending stiffness and effective shear 
stiffness in the longitudinal floor direction, respectively, can 
be calculated as follows: 
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where: 
n is total number of layers; 
Ei is modulus of elasticity ofthe i-th individual layer (taken 

as E0 for longitudinal layers and E90 for transverse 
layers); 

Ai is cross-section area of the i-th individual layer                  
(Ai = b·ti); 

b is width of CLT cross-section (usually taken as 1 m); 
ti is thickness of the i-th individual layer; 
zi is distance between the center point of the i-th layer and 

neutral axis, as presented in Figure 4; 
h is thickness of the panel; 
Gi is shear modulus ofthe i-th individual layer (taken as G0 

for longitudinal layers and G90 for transverse layers). 
 
In the case of floors supported on all four sides, effective 

bending stiffness in transverse direction should be obtained 
as follows: 

 

Figure 4. Cross-section of symmetrical 5-layer CLT panel 
with relevant distances and thicknesses for the Shear 

analogy method 
 

( )
− −

= =

 
=   +   

 
 

31 1
2

2 2
,eff( )

12

n n
i

i i i i

i i
B

t
EI E b E A z  (31) 

When calculating deflections and vibrations of a CLT 
floor, effective bending and shear stiffness are included 
through apparent bending stiffness, defined as: 
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where Ks is constant based on the influence of shear 
deformation, depending on loading configuration and 
boundary conditions (taken as 11.5 for uniformly distributed 
load and floors simply supported on two sides). 

The Shear analogy method is accurate for various load 
configurations and multi-span systems and is not limited by 
the number of layers within a panel. It is best suited to floor 
structures with span-to-depth ratios greater than 8. 

6 Discussion 

Overall criteria that should be checked through different 
design methods are presented in Table 5. The verification of 
the frequency and stiffness criterion is shared by all methods. 
Some of them also prove vibration velocity and acceleration. 
The critical frequency of most design methods is 8 Hz.  

Although some criteria are common to certain methods, 
it may happen that the same criteria take into account 
different factors. This may lead to noticeably different results. 
An overview of differences in consideration of some factors 
is given in Table 6.  

 

Table 5. Overview of considered criteria in different design methods 

Method Frequency 
Stiffness 
criterion 

Velocity 
criterion 

Acceleration 
criterion 

Hamm [13] yes yes no yes 

Thiel [15] yes yes no yes 

Hu [16] yes yes no no 

Abeysekera [18] yes yes yes yes 

 
Table 6. Overview of considered factors in different design methods 

Method 
Support 

conditions 
Shear 

flexibility 

Transverse 
load-carrying 

effect 

Effective width 
Beff 

Mass 

Hamm [13] no no yes yes g0 + Δg 

Thiel [15] yes yes yes yes g0 + Δg 

Hu [16] no yes no no g0 

Abeysekera [18] yes no yes yes g0 + Δg + ψ2 ∙ p 

t1

h
t2
t3
t4
t5
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3
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z2
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The support conditions have a large effect on the values 
of natural frequencies. When the floor is clamped or partially 
clamped, the frequencies increase. When loads from the 
upper floor are transferred through walls, the floor can be 
clamped. This will also have a positive effect on floor 
deflections. From the aspect of CLT as a material, shear 
flexibility is of crucial importance, and it is highly advised to 
take it into account in the context of vibrations. This implies 
that the Shear analogy method should be used when 
calculating the stiffness properties of CLT floors. 
Consideration of shear flexibility leads to a decrease in 
fundamental frequency and an increase in deflection. The 
transverse load-carrying effect should be considered when 
the floor is supported on all four sides. This parameter raises 
the floor´s fundamental frequency, which depends mostly on 
the ratio of bending stiffness in the longitudinal and 
transverse directions as well as on the ratio of floor width to 
span. Effective floor width Beff has an impact on floor 
deflection in such a way that taking the effective width into 
account reduces floor deflection. As with the previous 
parameter, this influence greatly depends on the ratio of 
bending stiffnesses. Floor mass affects floor natural 
frequencies and vibration acceleration, so an increase in the 
mass leads to lower natural frequencies and also vibration 
acceleration. Taking into account more mass according to 
vibration sensitivity has more positive than negative effects. 
Permanent loads should always be considered, but in certain 
cases it is reasonable to include quasi-permanent parts of 
imposed loads. 

When speaking of limit values, it is evident that limit 
values for proposed criteria are based on the highly 
subjective opinion of the test person. Hence, it is impossible 
to define which design method would be best suited for 
verifying vibrations. In order to get a better description of the 
actual behaviour of floor structure, a floor classification 
system based on vibration serviceability performance was 
developed. Floor classification based on dynamic 
characteristics (different limit values of criteria) allows 
designers and investors to be more aware of actual floor 
performance and to target desired floor performance.  

7 Conclusion 

Human-induced floor vibrations are regarded as a 
serviceability issue, primarily relating to occupant discomfort. 
Although vibration serviceability issues with timber floors are 
primarily associated with existing floors, they are also 
relevant to new floors. Taking contemporary trends into 
account, it is realistic to expect that in the future floor spans 
will be even larger, floors even lighter, and human 
expectations regarding the quality of living and working 
surroundings will be even greater. Therefore, it is necessary 
to define an adequate method (criteria) in current standards 
that would predict excessive vibrations, thus enabling the 
given problems to be eliminated or decreased during the 
design stage. Although the procedure must be simple in 
practice, it must not be at the expense of accuracy. 

Due to the specific dynamic behaviour of CLT floors, the 
existing design methods for low- and high-frequency floors 
may not be applicable to CLT floors. There are several 
methods specifically for the verification of CLT floor 
vibrations. However, it is currently impossible to define which 
design guidelines would be best suited for the prediction of 
unacceptable vibrations. This is because the criteria and 
their limit values differ. Any reliable design approach should 
be derived from predictable and measurable parameters and 
should reflect the type of occupancy for which it is intended. 

It seems that the development of contemporary probabilistic 
methods can significantly change the approach to the 
problem of floor vibrations. Classification of floors based on 
the target response to vibration excitations (different limit 
values of criteria) has the advantage of providing a tool by 
which designers and investors can be more aware of actual 
floor performance. 
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