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Influence of material bridges on shear strength of unfilled intermittent rock joints 
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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  

According to the well-known Jaeger’s theory, the minimum possible rock mass 
shear strength as a discontinuum actually corresponds to the shear strength of rock 
joints. Since failures in rock masses due to loads caused by civil structures or civil 
works occur mainly by exceeding their shear strength, the shear strength of rock 
joints has huge practical significance. Therefore, in this paper it was decided to 
analyse a factor which can have a very important influence on the shear strength of 
unfilled rock joints. Namely, the influence of the presence of material bridges and 
initial joints between them, their number, size, mutual distance and orientation 
relative to the shearing direction were analyzed using results of laboratory or 
numerical CNS direct shear tests which were carried out by different researchers 
around the world. Except for increasing its peak and residual value, the professional 
public is currently unaware of the impact of this factor on the shear strength of 
intermittent rock joints. Based on the carried out analysis, appropriate conclusions 
have been made. 
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1 Introduction 

The single plane of weakness theory proposed by Jaeger 
is the most widely known in Rock Mechanics. According to 
Jaeger’s theory, the minimum possible rock mass shear 
strength as a discontinuum actually corresponds to the shear 
strength of rock joints (discontinuities). Since failures in rock 
masses due to loads caused by civil structures or civil works 
occur mainly by exceeding their shear strength, the shear 
strength of rock joints has huge practical significance in Rock 
engineering, especially in Rockslide and slope engineering. 
Therefore, in this paper it was decided to analyse the factor 
which has a very important influence on the shear strength 
of unfilled rock joints and their mechanical behaviour during 
shearing. Namely, after a short analysis of the influence of  
well-known factors such as joint surface roughness and rock 
compressive strength at the joint surface, special attention is 
paid to the influence of the presence of material bridges and 
initial joints between them, their number, size, mutual 
distance, and orientation relative to the shearing direction. 

2 Mechanical behaviour of unfilled rock joints during 
shearing 

A number of factors influence the mechanical behaviour 
of natural unfilled rock joints during shearing, including joint 
surface roughness (roughness of the joint walls), the 
presence of material bridges and their configuration, rock 
compressive strength at the joint surface (compressive 
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strength of the joint walls), the level of normal stress during 

shearing n, and the scale effect. These factors will be 
analyzed in more detail below. 

 
2.1 Joint surface roughness 

 
A planar, smooth, and clean natural rock joint is very rare. 

All natural rock joint surfaces exhibit some degree of 
roughness, varying from smoothed and polished sheared 
rock joints with very low surface roughness to very rough 
tension rock joints. This degree of roughness has a 
significant effect on the shear strength of unfilled rock joints. 
This effect can be quantitative or qualitative in nature. 
Quantitative means that joint surface roughness often 

increases the peak shear strength of rock joint p well above 
the minimum value of shear strenght [1, 2]. This minimum 

shear strenght is defined by the basic friction angle b and its 
characteristic for planar, smooth, and clean unfilled rock 
joints (Fig. 1). Qualitative means that joint surface roughness 
can cause a change in the type of mechanical behaviour of 
unfilled joints during shearing. It is quite clear if we compare 

the shear stress  vs. shear displacement  curves 
(hereinafter shear curves) for planar, smooth and unfilled 
rock joints in granite Hwangdeung recorded by Jang et al. [3] 
in the CNS direct shear test (Fig. 2) with normalized shear 

stress /n vs. shear displacement  curves (hereinafter 
normalized shear curves) for natural joints in different rocks 
recorded by Grasselli [1] also in the CNS direct shear test 
(Fig. 3). 
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Figure 1. Values of peak shear strength for natural unfilled rock joints in different rocks with b≈32° which are measured in 
CNS direct shear test. Adapted from [1, 2] 

 

 

Figure 2. Results of CNS direct shear tests with different values of normal stress during shearing for planar, smooth and 
unfilled rock joints in granite Hwangdeung. Left: shear curves. Right: linear MC failure envelope. Adapted from [3] 

 

 

Figure 3. Normalized shear curves for nature unfilled rock joints in 
different rocks recorded in CNS direct shear tests with different 

values of normal stress during shearing. Adapted from [1] 

 

Figure 4. Typical shear curves and dilation curves 
for nature unfilled rock joints recorded in CNS 

direct shear test. Adapted from [2] 
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Fig. 4 shows a typical shear stress  vs. shear 

displacement  and vertical displacement v vs. shear 

displacement  curves (dilation curves) for natural unfilled 
rock joints recored in CNS direct shear tests. In general, it 
can be concluded that the peak shear strength of natural 
unfilled rock joints (unfilled rock joints with a greater or lesser 
degree of surface roughness) can be considered a function 

of three variables: normal stress n, basic friction angle b 

and peak dilation angle max. Unlike the basic friction angle, 
which can be considered constant for the analyzed rock type, 

the peak dilation angle max is not constant. The value of this 

angle depends on the level of normal stress n during 
shearing as well as the joint surface roughness, the presence 
of material bridges and their configuration, and rock 
compressive strength at the joint surface. Also, the peak 
dilation angle is scale dependent, i.e., the peak dilation 
angle, as well as the peak shear strength of natural unfilled 
rock joints, depends on the scale effect. 
 
2.2 Rock compressive strength of the joint surface 
 

Numerous experimental studies of natural unfilled rock 
joints have clearly shown that their shear strength depends 
on the rock compressive strength at the joint surface, i.e., the 
compressive strength of the bumps, ripples, and undulations 
on the rock joint surface (joint walls). These surface 
irregularities are given the general term asperities. The 
strength of the asperities is extremely important because 
they represent the sites (locations, points) of a stress 
concentration during shearing. The well-known effects of 
dilation and the effect of interlocking, which increase the 
shear strength of rock joints, occur (are pronounced) when 
asperities have more significant strength. In this case, the 
shearing process takes place over the asperity surface. 
However, if the strength of the asperities is lower, during 
shearing the asperities progressively shear off. In that case, 
the shearing process takes place through the asperities. For 
that reason, previously mentioned effects either do not exist 
or are very weakly expressed, which negatively affects the 
shear strength of rock joints. 

The rock compressive strength of the joint surface can be 
equal to the compressive strength of intact rock. This may be 
the case with completely closed rock joints, and then one can 
talk about a fresh joint surface. However, due to the effects 
of weathering rock, the compressive strength of the joint 
surface is usually significantly less than the compressive 
strength of intact rock. Then one can talk about the 
weathered joint surface. 
 
2.3 Level of normal stress during shearing 

 

It is totally clear that the increase in normal stress n 
causes an increase in the shear strength of rock joints. Shear 
tests carried out on planar, smooth, and clean unfilled rock 
joints under constant normal stress generally give a constant 

value of the ratio p/n, which is actually equal to tgb at any 
level of normal stress. However, for naturally unfilled rock 
joints with a greater or lesser degree of joint surface 

roughness, the ratio p/n is not constant. The value of the 

peak friction angle of the joint surface p, which actually 

represents the sum of the basic friction angle b and peak 

dilation angle max, depends on the level of normal stress 

during shearing. The value of the peak dilation angle max, 
as well as the value of the peak friction angle of the joint 

surface p, decreases with the increasing value of normal 

stress n. Thus, with increasing normal stress during 

shearing, the peak friction angle of the joint surface p tends 

to the value of the basic friction angle b. Since the dilation is 
a direct consequence of the joint surface roughness, it 
means that the influence of this roughness on the shear 
strength of the rock joint is significant but at lower values of 

the normal stress n. At higher values of normal stress, 
degradation or complete crushing of asperities occurs, which 
negatively affects the value of the peak dilation angle. All of 
the above directly leads to the conclusion that the failure 
envelope for natural, unfilled rock joints (to a varying degrees 
of joint surface roughness) is nonlinear. 

When analyzing the influence of normal stress on the 
shear strength of natural unfilled rock joints (to a greater or 
lesser degree of joint surface roughness), it is useful to 
mention the effect of ʺpre-stressʺ. Actually, this effect is 
identical to the well-known effect of soil pre-consolidation. 
The shear strength of any natural unfilled rock joints depends 

on the value of the normal stress n during shearing. 
However, the value of the shear strength of the joint can also 

be significantly affected by whether the normal stress n is at 
the same time the highest normal stress that has ever acted 
on this rock joint. In general, an increase in the value of the 
ʼʼpre-stressʼʼ coefficient leads to an increase in the value of 
the shear strength of rock joints. 
 
2.4 Scale effect 
 

The value of the peak friction angle of the joint surface p 

represents the sum of the basic friction angle b and the peak 

dilation angle max. Bandis [4] divided the peak dilation angle 
into two components. The first component, known as the 
geometrical asperity component, represents the average 
slope of the dominant (main) asperities on the joint walls 
relative to the shear direction. The second component, 
known as the mechanical asperity component, represents 
the strength of the dominant (main) asperities on the joint 
walls. According to the results of the carried out CNS direct 
shear tests, Bandis [4] concluded that the values of both 
components of the peak dilation angle decrease with the 
increasing dimensions of the examined rock joint, i.e., 
dimensions of the examined rock specimen with joint (scale 

effect). It is important to note that the basic friction angle b 
is one of the few parameters in Rock Mechanics that does 
not depend on the scale effect. Shear tests carried out on 
planar, smooth, and clean unfilled rock joints of different 
dimensions under constant normal stress generally give a 

constant value of the ratio p/n, which is actually equal to 

tgb. 

3 Mechanical behaviour of unfilled intermittent rock 
joints during shearing 

The discontinuity of natural unfilled rock joints by material 
bridges or some healed sections may have a significant 
influence on their shear strength. It is totally clear that the 
presence of material bridges increases the shear strength of 
rock joints in proportion to the material bridge ratio ξb 
(material bridge area divided by total joint surface area). 
Except for the ratio ξb and configuration of material bridges 
also may have very significant influence on the shear 
strength of intermittent rock joints. The configuration of 
material bridges implies their shape, number, size, mutual 
distance, and orientation relative to the shear direction.  

The mechanical behaviour of intermittent rock joints 
during shearing is very complicated and insufficiently 
investigated. So far, this type of mechanical behaviour has 
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been commonly investigated in direct shear tests carried out 
on specimens of rock-like material (for example, gypsum) 
with intermittent joints which are easily formed during the 
pouring of the specimens. If specimens of intact rock material 
are used in direct shear tests, the intermittent joints are 
formed by cutting the specimens in a controlled manner (in 
certain zones and at a certain angle) with a diamond tile saw. 
Also, for the analysis of the mechanical behaviour of 
intermittent rock joints during shearing, numerical 
simulations of direct shear tests were performed by different 
researchers using sophisticated software. 

Probably one of the most extensive and significant 
experimental investigations of the mechanical behaviour of 
unfilled intermittent rock joints during shearing was 
performed by German engineers Gehle and Kutter [5] from 
Rohr-University. They prepared more than 130 prism-
shaped specimens with intermittent joints and tested them in 
the CNS displacement-controlled direct shear test 

(n=1.0MPa, v=2mm/s). They analyzed different configura-
tions of material bridges and their influences on the 
mechanical behaviour of joints during shearing (Fig. 5). The 
majority of the specimens tested were made from a gypsum 
+ water mixture that was poured into a steel mould with 
internal dimensions of B/L/H=5cm/25cm/15cm. The rest of 
the tested specimens consisted of natural specimens of 
limestone with the same dimensions as gypsum (artificial) 

specimens. Shear (horizontal) displacement  was applied to 
all tested specimens at a same controlled speed, and the 

values of generated shear stress  and vertical displacement 
v were recorded. Fig. 6 shows results which Gehle and 
Kutter [5] recorded in two selected direct shear tests, i.e., for 
two selected artificial specimens. 

 

 

Figure 5. Geometrical characteristics of used specimens 
with intermittent joints. Adapted from [5] 

 
First of all, according to the presented results, it can be 

concluded that the mechanical behaviour of an unfilled 
intermittent rock joint during shearing is very complicated. In 
the initial phase of the test, the increase in shear 

displacement  is followed by an intense increase in shear 

stress . With some minor deviations, it can be considered 
that the shear stress is linearly related to shear 
displacement. The proportionality of this relationship 
corresponds to the stiffness of material bridges. At one 
moment, it comes to a sudden drop in shear stress (shear 
resistance). At that time, the initial joints are completely 
interconnected by cracks formed through material bridges. 
Actually, at that time, continuous (non-intermittent) joints 
were formed in the tested specimens. The geometric 
characteristics of the formed continuous joints depend on the 
configuration of the initial joints and material bridges. With a 
further increase in the shear displacement, the mechanical 
behaviour of the tested joints corresponds to the mechanical 
behaviour of rock joints with a greater or lesser degree of 

surface roughness during shearing. In this phase of the test, 
dilation is very pronounced. 
 

 
 

Figure 6. Examples of results of two different tests 

(n=1MPa). Above: shear.  
Below: dilation curves. Adapted from [5] 

 
It can be seen from Fig. 6 that a large horizontal 

displacement umax=65mm is applied to the tested specimens. 
This displacement is actually 26% of the length of the shear 
plane and it is significantly larger than the initial distance 
between the individual joints. However, in both cases, the 
residual shear strength of the intermittent joints was not 
reached. For example, Grasselli [1] recorded that the shear 
displacements of approximately 3% of the shear plane length 
were sufficient to generate residual shear strength of the 
unfilled rock joints with pronounced joint surface roughness. 
Gehle and Kutter [5] claim that the shear displacement of 
65mm is sufficient to record all of the significant shear 
behaviour characteristics for tested specimens. 

Summarizing the results of the performed investigations, 
Gehle and Kutter [5] defined some main principles of the 
mechanical behaviour of unfilled intermittent rock joints 
during shearing. As a final result of the research, regardless 
of the numerous and significant differences in the recorded 
results of individual experiments, the authors proposed an 
idealized shear curve that describes the mechanical 
behaviour of unfilled intermittent rock joints during shearing 
under constant normal stress (Fig. 7). As can be seen, Gehle 
and Kutter [5] divide the mechanical behaviour of this type of 
rock joint during shearing into three phases. 
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Figure 7. Idealized shear curve for unfilled intermittent joints during shearing under constant normal stress. Adapted from [5] 
 
 

Since the stiffness of material bridges is many times 
greater than the stiffness of individual joints, in the first phase 
the increase in shear displacement causes a concentration 
of the shear stress on these bridges. Elastic deformations 
are only recorded, and it can be considered that the 

measured shear stress  is linearly related to the applied 

shear displacement . However, fractures of material bridges 
occur when the concentrated shear stresses reach the value 
of the shear strength of material bridges (shear strength of 
intact rock). Formed cracks pass through the material 
bridges and connect the initial joints. It is very important to 
note that these fractures occur successively. The 
appearance of the first fracture or the first crack passing 
through any material bridge actually represents the 
beginning of the nonlinear mechanical behaviour of unfilled 
intermittent joints during shearing. At that time, the registered 

value of the shear stress is 1.0. In some specimens at that 
time, but in most specimens at a slightly higher value of the 

applied shear displacement (measured shear stress is 1,a), 
several cracks have already formed through the material 
bridges. These cracks lead to a sudden drop in the shear 
strength of intermittent joints. After that, the shear strength of 

the joints usually slightly increases until the shear stress 1,b 
is reached. Then it usually comes to a sudden drop in the 
shear strength of the joints. This drop actually means that all 
the initial joints are finally connected. 

During the first phase of the shearing, continuous (non-
intermittent) joints with more or less a ʺsaw-toothʺ surface 
were formed in the tested (sheared) specimens with i≠0. 
Between ʺsaw-toothʺ joint walls, relatively large cut-out 
fragments of rock-like (rock) material were trapped. In the 
tested specimens with i=0 during the first phase of the 
shearing, continuous joints with more or less planar and 
smooth surfaces were formed, which primarily depends on 
the length and mutual spacing of the initial joints. 

After the first phase, in the shearing process of unfilled 
intermittent joints, the second phase occurs. It lasts much 
longer, i.e., it covers a significantly larger shear displacement 
interval compared to the first phase. Generally, the second 
phase of the shearing process can be divided into two sub-
phases. During the first sub-phase (II-a), an intensive 
increase in dilation angle is recorded. However, it is not 
followed by an equally intensive and pronounced increase in 
the shear strength of the tested joints. The reason for this is 
the small contribution of pure (physical) friction between the 
’’saw-tooth’’ joint walls and their shear resistance angle. The 
initial joints are open, so the contact between their walls is 
realized only indirectly through the cut-out fragments of rock-

like (rock) material. As the shear displacement increases, 
these cut-out fragments rotate. It is known that the friction 
during rotation is many times less than during sliding. The 
maximum measured value of the shear stress in this sub-

phase is 2,a. 
In the second sub-phase (II-b) of the shearing process, 

with the increase of shear displacement  direct contact 
between the ʺsaw-toothʺ joint walls is gradually realized. For 
that reason, the shear strength of tested (sheared) joints 
usually increases. At the moment of closing the initial joints, 

the measured value of the shear stress is 2,b. As the shear 
displacement increases, the dilation stops and the shear 
resistance is solely based on the friction between the joint 
walls. The end of the second sub-phase was marked by a 
sudden drop in the shear strength of tested joints followed by 
intense contraction of the tested specimens. The contraction 
is the result of the degradation and crushing of cut-out 
fragments of rock-like (rock) material that are ʺtrappedʺ 
between the joint walls. 

Finally, at relatively large values of the applied shear 
displacement, the third phase of the shearing process 
occurs. In this phase, the peak shear strength of tested 

(sheared) joints 3 is predominantly conditioned by the shear 
resistance angle of degraded and crushed material that fills 
the space between joint walls, i.e., fills the space of formed 
shear zones in the sheared specimens. The width of the 
shear zone primarily depends on the geometric 
characteristics of the initial joints. It is useful to note that for 
some sheared specimens, this shear strength was the 
maximum shear strength that was recorded during the whole 
shearing process. At this stage, small or negligible changes 
in the volume of the sheared specimens were registered. 

Each of the previously described phases or sub-phases 
of the mechanical behaviour of unfilled intermittent joints 
during shearing has its characteristic peak shear strength. It 
is important to note that each of these so-called phase peak 

shear strengths (except 1.0) in some sheared specimens 
actually represented the maximum measured value of shear 
strength during shearing under constant normal stress. For 
example, in all sheared specimens with horizontal initial 
joints (i=0), the highest measured value of shear strength in 

the whole shearing process was 1,a. However, in all sheared 
specimens with vertical initial joints (i=90º), the highest 
measured value of shear strength in whole shearing process 

was 2,b. Generally, in the case of sheared specimens with a 
negative initial joint inclination (-90º<i<0º), the highest 
measured value of shear strength in the whole shearing 
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process was 2,a. In sheared specimens with positive initial 
joint inclination (0<i<90º) and depending on their mutual 
distance, the highest measured value of shear strength in 

whole shearing process was often 2,b, then 3 and rarely 1,a. 
In general, in the performed direct shear tests under constant 
normal stress, the highest shear strengths were measured 
on the specimens with a negative initial joint inclination, 
which is a consequence of very pronounced dilation in these 
specimens. 

After Gehle and Kutter [5], Zhang et al. [6] carried out 
significant research on the shear strength of intermittent rock 
joints. Numerically, using the FE method with the help of 
appropriate software, he simulated the shear of rock-like 
specimens with intermittent joints (jointed rock-like 
specimens) in a CNS displacement-controlled direct shear 

test (n=0,15MPa, v=2mm/s). The stress-strain behaviour of 
used rock-like material is defined by appropriate constitutive 
relations for a finite element under uniaxial compressive 
stress and tensile stress (Fig. 8.). The values of the used 
mechanical parameters for these constitutive relations are 
also given in Fig. 8. Two groups of jointed rock-like 
specimens were tested. In the first group of specimens, all 
initial joints are horizontal i=0 (Fig. 8). Their width b was 
varied, i.e., the value of material bridge ratio ξb was varied. 
In the second group of specimens, the total number, width, 
and mutual distance of initial joints were constant but their 
slope relative to the shear direction was varied (Fig. 8). 

The peak shear strength of the first group of jointed rock-
like specimens was found to increase almost linearly with 
increasing width of initial joints, i.e., with increasing value of 
material bridge ratio ξb. However, for the second group of 
jointed rock specimens, measured values of the shear 
strength are highly non-linearly related to the values of angle 
i (Fig. 9). Generally, the peak shear strength of intermittent 
rock joints in the case of a negative value of angle i is higher 
than those in the case of a positive value of angle i. 

Sarfazi and Schubert [7] also carried out experimental 
research on the mechanical behaviour of unfilled intermittent 
rock joints during shearing. They prepared two groups of 
nine prism-shaped rock-like specimens with intermittent 
joints and tested them in the CNS displacement-controlled 

direct shear test (n=1.0MPa, v=2mm/s). All specimens 
tested were made from a gypsum + water mixture that was 
poured into a steel mould with internal dimensions of 
B/L/H=15cm/15cm/15cm. They analyzed different 
configurations of material bridges and their influences on the 
mechanical behaviour of joints during shearing. All jointed 
rock-like specimens had only horizontal initial joints i=0°. All 
jointed rock-like specimens from the same group had an 
identical value of material bridge ratio ξb. The shape, size, 
and mutual distance of the horizontal initial joints were 
varied. Research carried out by Sarfazi and Schubert [7] 
showed that from the aspect of the shear strength of 
intermittent rock joints, the best configuration of material 
bridges is a configuration with a small number of larger 
material bridges that are elongated in the shear direction. 

 

 

Figure 8. Left: the stress-strain behaviour of used rock-like material. Middle: first group of tested jointed rock-like specimens. 
Right: second group of tested jointed rock-like specimens. Adapted from [6] 

 

 

Figure 9. The relationship between peak shear strength of intermittent rock joint and angle I. Adapted from [6] 
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Fan et al. [8] also carried out experimental research on 
the mechanical behaviour of unfilled intermittent rock joints 
during shearing. They prepared six prism-shaped rock-like 
specimens with intermittent joints and tested them in the 

CNS displacement-controlled direct shear test (n=2.5MPa, 
v=2mm/s). All specimens tested were made from a gypsum 
+ water mixture that was poured into a steel mould with 
internal dimensions of B/L/H=15cm/15cm/3cm. They 
analyzed different configurations of material bridges and 
their influences on the mechanical behaviour of intermittent 
joints during shearing. Namely, all jointed rock-like 
specimens had three initial joints of the same length 
(L=20mm) and the same value of angle i. This angle was set 
from 0° to 150° with an interval of 30°. For tested rock-like 
specimens with horizontal initial joints, a brittle-plastic 
mechanical behaviour was obtained with a clearly expressed 
value of the peak and residual shear strength. However, for 
tested rock-like specimens with inclined initial joints, very 
complicated mechanical behaviour was obtained (Fig. 10). It  

goes through three phases. Three characteristic values of 
the shear strength of these jointed rock-like specimens are 
recorded: first peak shear strength, second peak shear 
strength, and residual shear strength. Between the first and 
second peak shear strength, a sudden drop in shear strength 
was registered. This drop occurs when the cracks that pass 
through the material bridges connect all initial joints, i.e., 
when a continuous (non-intermittent) joint with more or less 
ʺsaw-toothʺ surface is formed. Further, the shear strength 
increases from the first to the second peak value because 
the shear takes place more or less ʺsaw-toothʺ joint surface. 
A new sudden drop in shear strength occurs when the 
generated contact stresses cause degradation and crushing 
of main joint asperities. After that, with greater or lesser 
fluctuations, the shear strength of the rock joint tends to a 
residual value. To reach this value of shear strength, it was 
necessary to apply a shear displacement to the tested rock-
like specimens, which is approximately 30% of the specimen 
width. 

 

Figure 10. Typical shear curve for jointed rock-like specimens with inclined initial joints. Adapted from [8] 

 

 

Figure 11. Shear curves for unfilled intermittent rock joints with different configurations of horizontal initial joints. Adapted 
from [8] 
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Lin et al. [9] performed a numerical analysis of the 
mechanical behaviour of unfilled intermittent rock joints 
during shearing under constant normal stress using the 
software PFC2D (Particle Flow Code-2D). Intermittent joints 
with three different configurations of horizontal initial joints 
(three different models) but with the same value of the 
material bridge ratio ξb were analyzed. It can be said that for 
all tested models, it is typically plastic mechanical behaviour 
with linear-elastic, nonlinear-plastic, peak, strain softening 
and residual stress phase (Fig. 11). The shear displacement 
that corresponds to the beginning of the nonlinear-plastic 
phase increases with an increase in the normal stress. For 
model C, i.e., for a model with both-side-end initial joints, the 
lowest value of peak shear strength was recorded. The 
residual shear strength is achieved at a shear displacement 
that is approximately 3% of the shear plane length. So, to 
achieve residual shear strength in the case of intermittent 
rock joints with horizontal initial joints, it is necessary to apply 
significantly less shear displacement compared to the case 
of intermittent rock joints with inclined initial joints. 

4 Conclusion 

Previously presented research has shown that the 
mechanical behaviour of unfilled intermittent rock joints 
during shearing is very complicated. As assumed, it is 
conditioned by the number, size, shape, mutual distance, 
and orientation of the material bridges. From the aspect of 
the shear strength of intermittent rock joints, the best 
configuration of material bridges is a configuration with a 
small number of larger material bridges that are elongated in 
the shear direction. However, the analysis of the results of 
the previous research came to the conclusion that the slope 
of the initial joints in relation to the shear direction has a 
particularly significant influence on the mechanical behavior 
of the intermittent rock joints. 

If the initial joints are horizontal, i.e., parallel to the shear 
direction, the mechanical behaviour of unfilled intermittent 
joints during shearing is plastic with linear-elastic, nonlinear-
plastic, peak, strain softening and residual stress phase. If 
the initial joints are inclined, their mechanical behaviour 
during shearing is very complicated. 

This behaviour goes through three phases, and each 
phase has its own peak shear strength. Which of these three 
shear strengths will be the largest depends on the orientation 
and slope of the initial joints in relation to the shear direction. 
The lowest values of the peak shear strength are obtained 

for intermittent rock joints with both-side-end initial joints. To 
achieve residual shear strength in the case of intermittent 
rock joints with horizontal initial joints, it is necessary to apply 
significantly less shear displacement compared to the case 
of intermittent rock joints with inclined initial joints. 
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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  

Due to the extremely large global production and utilization of concrete, the concrete 
industry is considered a large consumer of energy and natural resources and one 
of the main sources of greenhouse emissions and waste generation. Reducing its 
impacts on the environment is one of the most important paths toward sustainable 
construction development. Replacing cement and natural aggregates with by-
products and waste from other industries is one possible way of achieving this goal. 
On the other hand, the disposal of industrial waste, which arises from the pyrometal-
lurgical process of copper production, presents a significant environmental load in 
many developed countries. Research performed so far has shown that concrete 
made with aggregate obtained from cooper slag instead of natural aggregate can 
be produced with good physical-mechanical properties for various applications. In 
this work, a cradle-to-gate Life Cycle Assessment of several concrete mixtures 
where part of the coarse natural aggregate was replaced with copper slag aggregate 
was performed. The conducted case study was based on Serbian LCI data and local 
conditions in the vicinity of the town of Bor in Serbia. Results showed that such 
concrete mixtures can bring environmental benefits regarding natural aggregate 
preservation and waste reduction if the transport distance of copper slag aggregates 
is smaller than 20 km. Therefore, from the environmental protection point–of-view, 
local application of such concrete is recommended. 
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1 Introduction 

Concrete is the most commonly used construction 
material in the world with an average annual global 
production of about three tons per capita, or a total average 
production of about 25 x 109 tons per year [1], due to its 
durability and great possibilities of application, simplicity of 
production, and availability of raw materials [2]. Aggregates 
occupy between 55% - 80% of the volume of concrete [3]. 
Natural aggregates (NA) refer to the product of crushed 
stone produced in quarries, or extracted gravel and sand 
from the riverbed. However, many countries have a problem 
with a deficiency of quality sand on the one hand, and 
growing environmental problems on the other. An example 
of this is the fact that the current rate of extraction of NA can 
cover only 9% of the total annual needs in China [4]. On the 
other hand, the production of primary products in different 
industrial activities results in various by-products that have 
almost no practical industrial application. These industrial by-
products, which are generated in high quantities worldwide, 
present serious challenges regarding their disposal [5]. As a 
result, more ecologically suitable alternatives for their 
utilization must be found. 

Industrial waste, which arises from the pyrometallurgical 
process of copper production, is one of the most significant 

 
*  Corresponding author: 
 E-mail address: filipovic@irmbor.co.rs 

environmental problems in many developed countries. It is 
estimated that for every ton of produced copper, about 2.2 - 
3.0 tons of slag are generated. Approximately 40 million tons 
of slag are generated from copper production in the world 
each year [6]. The frightening data on the annual volume of 
dumped waste material is cause for worldwide worry, and a 
solution to the problem must be required in accordance with 
generally acknowledged principles of sustainable 
development. One possible solution is the use of copper slag 
aggregates (CSA) as a replacement for NA in concrete [7]. 

In pyrometallurgical copper processing, different types of 
slag are produced: smelter slag, converter slag, anode 
furnace slag, electric and flash furnace slag, etc. Most of 
these slags, especially those with higher copper content, are 
recycled by re-entering the process. The concentration of 
copper in smelter slag usually ranges from 0.5-2.0% (0.3-
1.0% from flame furnaces and over 1% from the flash 
furnace), while converter slag can contain 2-10% of copper. 

Slag with copper ore content below 1% has traditionally 
been considered solid waste and has been disposed of at 
landfill. This kind of slag has become a significant secondary 
raw material [8]. One solution to the problems of industrial 
waste disposal is the application of copper slag in 
construction. Due to favorable physical-mechanical and 
chemical characteristics of copper slag, such as low water 
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absorption (water absorption of aggregate (WA24) 0.6%), 
high particle density (apparent particle density (ρrd) 3.33 
Mg/m3), good resistance to crushing (resistance to 
degradation (LA) 10%) and wear (resistance to wear (micro-
Deval) in a wet state (MDE) 4%), its use is possible in the 
production of building materials [9]. Copper slag in building 
materials has the potential to increase mechanical properties 
while also lowering costs and easing disposal issues [10]. 

A large number of studies have been performed on the 
application of copper slag in concrete: as a substitute for 
cement, i.e. in the production of cement clinker [11, 12], and 
as partial or complete substitutes for coarse and fine 
fractions of NA in concrete mixtures and cement mortars [13, 
14]. Previous studies have shown that around 40% 
replacement of NA with CSA gives a concrete mixture with 
better properties such as compressive strength, density, 
workability, durability, or flexural strength in concrete [15]. 
Tests have shown, for instance, that the optimal use of CSA 
for replacing fine fractions of NA (grains 0-2 mm) is 40% [16]. 
Such concretes have good workability, and higher compres-
sive and tensile strengths, but due to the lower water 
absorption of the aggregate from copper slag, care must be 
taken when choosing a water-to-cement ratio (w/c) [17]. The 
lower number of tests was related to the physical-mechanical 
properties of concrete with partial replacement of coarse 
fractions of NA with CSA [18, 19]. Insufficient results of 
research into the material itself is the reason for the poor use 
of concrete with CSA as a substitute for coarse fractions of 
NA. It could give a clearer picture of the mechanism that 
takes place during the hardening process and enable the 
development of generally accepted design principles. 

The industrial processing of smelting slag within the 
Mining and Smelting Basin Bor (RTB "Bor") has been carried 
out in the Bor Flotation Plant since 2001. Copper slag has 
been deposited in the immediate vicinity of processing 
facilities, in the amount of 16 – 18 x 106 t, which was the 
incentive for testing the possibility of replacing NA with CSA 
in concrete. The process for obtaining the copper slag 
generally consists of two-stage crushing and separation 
according to Figure 1. Due to its high hardness, crushing of 
copper slag results in high electricity consumption and high 
damage to the crushers used in this process. For that 

reason, naturally granulated copper slag from that landfill 
was used for testing. Considering that in the natural 
deposited state of copper slag at RTB “Bor”, about 70% of 
deposited material belongs to the 8/16 and 16 / 31.5 mm 
fractions, testing was performed on concrete mixtures where 
part of these fractions of NA was replaced with CSA. 

2  Mechanical and durability related properties of 
CSAC – own investigation 

Concrete with a replacement of coarse NA with CSA is 
designated in this work as concrete with copper slag 
aggregate (CSAC). Within our own investigation, CSAC with 
two replacement ratios of NA was tested: CSAC_20_50 
concrete in which 20% of 8/16 mm fraction and 50% of 
16/31.5 mm fraction were replaced by volume with 
corresponding fractions of CSA, and CSAC_50_50 concrete 
in which 50% of 8/16 mm fraction and 50% of 16/31.5 mm 
fraction were replaced by volume with corresponding 
fractions of CSA. A control mix of concrete with only NA 
(NAC) was also tested. Standard methods used for the mix 
design and testing of NAC concrete can also be used for the 
design and testing of CSAC mixtures. Mix proportions of 
concrete together with tested compressive strength at 28 
days and flow table results are presented in Table 1 [9]. The 
control concrete mixture was designed to meet the 
requirements for the C25/30 strength class. 

The densities of fresh concrete mixtures CSAC_20_50 
and CSAC_50_50 were higher by 4% and 5%, respectively, 
compared to the NAC. The density of hardened concrete 
mixtures CSAC_20_50 and CSAC_50_50 was higher by 5% 
and 7%, respectively, compared to the control mixture. This 
was due to the higher density of CSA grains compared to the 
NA grains. As shown in Table 1, mixtures  CSAC_20_50 and 
CSAC_50_50 showed slightly larger compressive strengths 
at 28 days compared to NAC, the increase being equal to 
12.4% and 10.5%, respectively. The cause of this increase 
was the higher compressive strength of CSA grains and 
better interaction between grains, due to their roughness and 
sharp edges. 

 

 

Figure 1. Copper slag plant technology 
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Table 1. Mix proportions, flow and compressive strength of tested NAC and CSAC [9] 

Type of 
concrete 

Cement Water 

Aggregate w/c Flow 
Compress. strength 

28 days 

Fine NA 
(river) 

Coarse NA 
(river) 

CSA    

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) / (cm) (MPa) 

NAC 398 212 732 1045 / 0.533 33.5 36.3 
CSAC_20_50 398 212 732 753 394 0.533 32.0 40.8 
CSAC_50_50 398 212 732 659 529 0.533 28.5 40.1 

 
 

However, the replacement of NA with CSA caused the 
stiffer consistency of CSAC mixtures compared to the control 
mixture, as shown in Table 1. This occurred because the 
CSA grains had a larger specific surface area and less 
mobility. CSA grains are rougher and have sharper edges 
than NA grains, which causes greater friction between 
grains. 

The water penetration resistance of the mixtures 
CSAC_20_50 and CSAC_50_50 was lower by 55.4% and 
27.7%, respectively, compared to the NAC. At first sight, the 
result obtained in this way did not seem logical since the CSA 
itself had lower water absorption than NA. However, the 
water penetration resistance of concrete depends on the 
compactness of the concrete mixture, i.e., the presence of 
capillary pores in the cement stone. The increase in the 
volume of capillary pores in the concrete mixtures directly 
causes the decrease in the mixtures' water resistance. 
Although the same w/c ratio was used in all mixtures, due to 
the lower water absorption of CSA grains, the content of free 
water in the mixtures CSAC_20_50 and CSAC_50_50 was 
increased. The volume of capillary holes in concrete mixtures 
increased in direct proportion to the rise in free water. 

Also, the increase in chloride penetration classified by the 
DRCM chloride migration coefficient was observed in the 
CSAC_20_50 mixture. The recorded effective chloride 
migration coefficient DRCM for the NAC showed a value of 
39.7 x 10-12 cm2/m, while for the CSAC_20_50 and 
CSAC_50_50 mixtures, DRCM was 46.8 x 10-12 cm2/m and 
36.0 x 10-12 cm2/m, respectively. With a DRCM value higher 
than 16 x 10-12, all three mixtures could be suitable for use 
in environments without aggressive influences [20, 21]. 
However, as with water penetration resistance, the main 

pattern of enhanced chloride migration through concrete is 
due to the increasing porosity of cement stone. 

3  Environmental assessment 

Environmental assessment was conducted using a well-
recognized and standardized methodology for evaluating the 
environmental loads of processes and products during their 
life cycle - Life Cycle Assessment (LCA). According to ISO 
14040 standards [22], LCA consists of four steps: (1) goal 
and scope definition, (2) creating the life cycle inventory 
(LCI), (3) assessing the environmental impacts (LCIA) and 
(4) interpreting the results. 
 
3.1  Goal, system boundaries, and functional unit (FU) 
 

The goal of this study is to assess the environmental 
potential of replacing the NA with the CSA in the production 
of ready-mixed concrete. In the basic scenario, natural river 
aggregate was chosen instead of crushed aggregate since it 
is commonly used in Serbia. Within the CSAC mix design, 
two different replacement percentages of NA with CSA were 
tested: CSAC_20_50 and CSAC_50_50. Table 1 shows the 
mix proportions of the alternatives with the evaluated 
compressive strength after 28 days and the flow table 
results. 

Having in mind this goal, a cradle-to-gate analysis was 
conducted, Figure 2, and the functional unit of 1 m3 of ready-
mixed NAC and CSAC was used in this work. The production 
of water was excluded from the analysis. 

 

 

Figure 2. Cradle-to-gate part of the CSAC life cycle 
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3.2 Life cycle inventory (LCI) and transportation data 
 
The production of ready-mixed NAC and CSAC studied 

in this paper is located in Bor, Serbia. All the LCI data for 
natural river aggregate, cement and concrete production was 
collected from local suppliers and manufacturers [23]. As for 
the CSA, data was collected from the flotation plant of the 
Mining and Smelting Basin Bor, where the copper slag is 
deposited at the landfill near the processing facilities. Since 
only naturally granulated copper slag was used in this 
research, the process for obtaining the copper slag consisted 
of sieving according to Figure 3. The electricity consumption 
is 0.28 kWh (1.01 MJ), while for the internal services, 0.704 
l of diesel (24.8 MJ) is used per tone of aggregate. Emission 
data for diesel production and distribution, as well as for 
transportation that could not be collected for local conditions, 
was taken from the Ecoinvent V2.0 database [24, 25]. 

According to European Directive 2008/98/EC [26] any 
product that can bring revenue should not be considered as 
merely waste but as a useful by-product. This means that it 
carries a part of the environmental load of the primary 
process (copper production - main product), besides the load 
from its own treatment prior to utilization in concrete 
(secondary process – by-product). In the case of the 
application of various by-products or wastes as mineral 
additions or cement replacements in concrete, economic 
allocation is usually recommended over mass allocation. 
Because of the relatively large mass of by-products or 
wastes generated in primary processes, mass allocation has 
a significantly greater impact than economic allocation. This 
can certainly discourage producers for implementing such 
materials in making green concrete. However, since there is 
no market for CSA in Serbia, it was impossible to perform 
economic allocation between primary and secondary 
processes and copper slag was treated as waste in this work. 
In the basic scenario, the following transport distances were 
assumed. The concrete is produced in the concrete plant 
‘Metalka’ in Bor, which is located 5 km away from a copper 
slag plant. Cement is transported by heavy trucks (16-32 t) 
from the cement factory ‘CRH’ – Popovac and the estimated 
distance is 50 km, while river aggregate is transported by 
medium-sized ships from ‘Nova Separacija’ – Paracin at an 
estimated distance of 50 km. Transport distances for each 
constituent material were doubled to account for the return 
trip. 

3.3 Life cycle impact assessment - LCIA 
 
Impact category indicators related to green-house gases 

and gases from burning fossil fuels were chosen in this 
study: global warming potential (GWP), eutrophication 
potential (EP), acidification potential (AP), and 
photochemical oxidant creation potential (POCP).  They 
were calculated using the midpoint CML (the Institute of 
Environmental Sciences of the Faculty of Sciences of Leiden 
University) baseline methodology [27]. Besides, cumulated 
energy consumption within the studied part of the life cycle 
was calculated and expressed as energy use (EU). The LCI 
and LCIA calculations for each selected mixture were 
performed using original Excel-based software.  
 
3.4 Sensitivity analysis  
 

A sensitivity analysis was conducted to estimate the 
impact of the type of used NA and transport distance of CSA. 
Impacts were calculated for the case where NA was crushed 
stone instead of river aggregate, assuming the same mix 
design of concrete. Also, transport distances for CSA were 
varied from 5 km (as in the basic scenario) to 50 km, which 
is the assumed transport distance of other concrete 
constituent materials. Finally, impacts were calculated for the 
full technological scheme of processing (Figure 1), in which 
case the electricity consumption is 2.16 kWh (7.78 MJ), while 
for the internal services, 0.704 l of diesel (24.8 MJ) is used 
per tone of aggregate. Results are presented in chapter 4. 

4  Results and discussion 

The impact category indicators calculated for the basic 
scenario are presented in Figure 4. 

 
The differences between the impacts of NAC and CSAC 

with both replacement ratios are within a few percent, they 
are practically equal. This is not surprising since the cement 
content in all alternatives is the same and cement is by far 
the largest contributor to all impacts. However, 394 kg/m3 

and 529 kg/m3 of NA are preserved in the cases of 
CSAC_20_50 and CSAC_50_50, respectively. In those 
cases, the generated waste is reduced by the same amount.  

 

 

 

Figure 3.  Sieving of copper slag at Mining and Smelting Basin Bor – basic scenario 
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Figure 4. Impact category indicators per FU – basic scenario 
 
 

If crushed NA is used instead of a river aggregate, the 
benefit of CSAC in energy use is greater, while other impact 
categories are similar, Figure 5. This is mostly the 
consequence of changed transportation type – crushed 
aggregates are transported by trucks instead of barges as 
was the case with river aggregate – which affects the NAC 
impacts more than CSAC impacts. 

If the transportation distance of CSA in the basic scenario 
is changed from 5 km to 50 km, the calculated impact 
categories are shown in Figure 6. Energy use is now larger 
in the CSAC case, with all other impacts slightly larger. For 
all impacts to remain practically equal to the NAC impacts, 
the transportation distance of CSA should not be greater 

than 20 km. Therefore, environmental benefits with CSAC 
through NA preservation and waste reduction can be 
obtained if the concrete is produced close to the CSA plant, 
within a distance of 20 km.  

Finally, if the full technological processing scheme 
(Figure 1) for CSA production is applied, impacts are shown 
in Figure 7. 

Impacts are very similar to those obtained in the basic 
scenario since the only difference is the larger energy use in 
the CSA production phase. However, this phase contribution 
is very small and cannot change total impacts by more than 
a few percent.  

 

 

Figure 5. Impact category indicators per FU – crushed NA 
 

 

Figure 6. Impact category indicators per FU – all transport distances equal to 50 km 
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Figure 7.Impact category indicators per FU –full processing scheme 
 
 
5  Conclusion  

In this paper, the environmental potential of replacing the 
NA with aggregates produced from waste copper slag in 
concrete mix design was investigated. The conducted case 
study was based on Serbian LCI data and local conditions in 
the vicinity of the town of Bor in Serbia. Within these limits, 
and for chosen impact categories, it was concluded that CSA 
application in concrete can bring environmental benefits over 
NA application, in the form of NA preservation and waste 
reduction. This, however, is valid if the transport distances of 
CSA are lower than 20 km, so tested concrete mixtures are 
recommended for local applications.  

The amount of waste materials used for the production of 
CSAC_50_50 makes up about 20% of the concrete unit 
weight. Yet this concrete can be used in structural 
applications where low-to-middle strength concrete is 
economically justified (for instance, in residential buildings). 
Having this in mind, it can be concluded that local 
applications of CSAC contribute to the preservation of 
natural bulk resources and landfill capacity, both becoming 
an important and scarce resource nowadays in many 
countries. 
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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  

Stabilization is broadly classified as mechanical and chemical stabilization. Lime 
stabilization is the most commonly adopted method for stabilising expansive soils. 
In recent years, lime has been combined with other waste materials for improved 
performance in stabilization. One such waste is egg shell waste, generated by the 
poultry industry. Calcination of egg shell waste results in the formation of egg shell 
ash (ESA) which has a chemical composition very similar to that of quick lime. This 
investigation focuses on the potential of ESA as an auxiliary additive for lime in the 
stabilization of expansive soils. The initial consumption of lime of the expansive soil 
was determined using the Eades and Grim pH test. The lime content in the 
stabilization process was modified with ESA up to 0.5% in increments of 0.1%. 
Unconfined compression strength test samples of dimensions 38 mm x 76 mm were 
cast and cured for a period of 21 days and tested for their strength. The durability of 
the samples was also evaluated by subjecting the samples to 1, 4, 7, and 10 cycles 
of wetting and drying. The results of the investigation revealed that 0.2% ESA was 
the optimal dosage of additive to lime stabilization for improved performance. 
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1 Introduction 

High plastic clays are problematic soils that are difficult to 
work with. They tend to exhibit a good amount of 
compressibility as well as a swelling nature due to variations 
in moisture content and applied loading conditions. 
Stabilization of such soils using chemical admixtures has 
been found to be effective, especially with the addition of 
lime. The addition of lime to such soils makes them friable 
and results in reduced plasticity and improved workability. 
However, recently, increasing investigations have focused 
on the effectiveness of lime stabilized soil under conditions 
of durability like wetting-drying, freeze-thaw, and extreme 
variations in pH, to name a few. These investigations have 
brought out the lack of effectiveness of lime stabilized soil 
under such conditions. Several researchers have attempted 
to augment the performance of lime stabilization by 
substitution as well as auxiliary addition of solid wastes [1]. 
Utilization of wastes is based on the possibility of augmenting 
the potential of lime by either increasing the supply of 
calcium ions or providing silica and alumina to enhance the 
pozzolanic reactions. There are several waste materials that 
have been adopted in soil stabilization for their effective 
reuse while also achieving beneficial results in soil 
improvement [2]. One such waste material that is generated 
in significant quantities in India is eggshell waste (ESW). 

 
*  Corresponding author: 
 E-mail address: sivapriyavijay@gmail.com 

India produced as many as 103.32 billion eggs in the year 
2018-2019 [3]. Taking 5.5 grams as the average shell weight 
of an egg [4], the estimated ESW generated in India is as 
high as 568,260 tonnes. This quantity of waste is definitely a 
strain on the solid waste management system. Utilization of 
these wastes in Civil Engineering applications, including 
concrete, bricks and blocks, and soil stabilization, is 
therefore desirable. Egg shell waste is basically rich in 
calcium carbonate. Carbonate lime is not very reactive and 
is mostly inert [5]. Hence, it is not preferred for stabilization 
of soil. However, ESW can be activated into a more reactive 
form by calcining it at a sufficiently high temperature, which 
converts it into eggshell ash (ESA). ESA is very similar in 
composition to quick lime [6]. There are quite a few 
investigations involving the use of ESW. However, the use of 
ESA in Civil Engineering applications has started to gain 
traction recently. Its use in soil stabilization is still evolving 
and has a lot of potential for achieving beneficial 
modifications in soil engineering. Okonkwo et al. [6] 
investigated the potential of utilizing ESA in combination with 
cement in stabilizing lateritic soil. They found that 8% cement 
with 10% ESA resulted in the maximum strength of the 
lateritic soil. 



Durability performance of lime stabilized expansive soil with egg shell ash as a subsidiary admixture 

66 Building Materials and Structures 65 (2022) 65-71 

James and Pandian [7] attempted to study the effect of 
ESA on the development of the early strength of a lime 
stabilized soil. Their investigation revealed that the addition 
of 0.5% ESA was capable of enhancing the early strength of 
5.5% lime stabilized soil by 10% at 7 days of curing. James 
et al. [4] investigated the possibility of ESA being utilized in 
lime stabilization of an expansive soil as an auxiliary additive. 
Their investigation revealed that addition of 2% ESA along 
with 4% lime was able to generate a 24.43% increase in the 
strength of the expansive soil at 28 days of curing and reduce 
its plasticity by almost 7%. Bensaifi et al. [8] delved into the 
influence of crushed granulated blast furnace slag and 
calcined eggshell waste on the mechanical properties of 
compacted marl. They found that a 15% dosage of a 
combination of the slag and calcined egg shell waste was 
capable of developing the maximum strength and bearing. 
Ayodele et al. [9] evaluated the performance of combinations 
of sawdust ash and ESA in the stabilization of lateritic blocks. 
They concluded that the combination of sawdust ash and 
ESA can be used as a viable alternative to cement in the 
stabilization of blocks. Yie [10] researched the stabilization 
of soft clay using combinations of silica fume and ESA. His 
investigation revealed that 6% silica fume with 6% ESA was 
able to increase the unconfined compression strength by 
69%. 

Afolayan et al. [11] looked into the prospects of using 
ESA as a replacement for cement in the manufacture of 
sandcrete blocks. They found that ESA could replace up to 
30% of cement without much loss in the strength of the block. 
James et al. [12], in a later investigation, attempted to study 
the potential of ESA as a potential replacement for lime in the 
stabilization of lime under conditions of wetting and drying 
(WD). They found that increasing ESA in the mix resulted in 
more durability of the stabilized soil. Looking at the available 
literature, it is clear that ESA is a waste material with good 
potential for soil stabilization. However, the focus of the 
majority of the investigations was only on the strength of the 
stabilized soil or blocks. However, there is a need to study 
the durability of ESA stabilized soil under varying conditions. 
This investigation focuses on the durability of lime stabilized 
soil modified with ESA when it is subjected to alternate 
cycles of WD in faucet (tap) water as well as seawater. 

2 Materials and methodology 

The various materials used in this investigation were the 
virgin soil, hydrated lime for its stabilization, ESA (used as 
the subsidiary admixture), tap water, and sea water as the 
weathering agents for durability study. 
 
2.1 Materials 

 
The soil used in conducting the experiments was 

collected from the banks of the Thaiyur Lake, Kalavakkam 
near Chennai, India. The soil sample has a large percentage 
of clay content with 68.7%, silt at 28.4%, and 2.9% of sand. 
The collected soil is oven dried for characterisation using the 
relevant Indian standard code; it has a specific gravity of 
2.76, a liquid limit of 75.8%, a plastic limit of 23.5% and a 
shrinkage limit of 11.2%. From the obtained results, the soil 
is classified as high compressible clay (CH).   

High quality industrial grade calcium hydroxide, also 
called as hydrated lime, procured from M/s. Shiyal 
Chemicals, India, was used in the experiments.  

ESA was obtained by calcining egg shells in a muffle 
furnace. The egg shell waste for manufacture of ESA was 
obtained from SKM Egg Products, Erode. The obtained egg 
shell waste was in crushed form, free from proteins and 
organic content. It was further pulverized and sieved to 
obtain a fine powder of particle size finer than 75 microns. 
This powder was calcined in a muffle furnace at a tempera-
ture of 500°C for a period of 15 minutes to obtain ESA. 
 
2.2 Experimental methodology 

 
The experimental programme began with the 

characterization of the soil collected. It was subjected to 
various geotechnical properties tests, including liquid limit 
and plastic limit [13], shrinkage limit [14], specific gravity [15], 
grain size distribution [16], compaction characteristics [17], 
unconfined compression strength (UCS) [18], and classified 
based on the BIS code [19]. The soil was then subjected to 
the Eades and Grim pH test [20] in accordance with ASTM 
code [21] for the determination of Initial Consumption of Lime 
(ICL). After the determination of ICL, the compaction 
characteristics of the soil-lime mix were determined using the 
mini compaction test method proposed by Sridharan and 
Sivapullaiah [22], in accordance with the BIS code for 
stabilized soils [23]. After the determination of compaction 
characteristics, particles passing 2 mm sieve were used to 
find the UCS of the soil with a 38 mm diameter and 76 mm 
height cylindrical split mould, compacted to its maximum dry 
unit weight at its optimum moisture content. With the known 
dry unit weight, the quantity of the sample for the test was 
back calculated. The soil, lime and ESA were initially hand 
mixed in dry conditions for a minimum duration of 10 minutes 
until a homogeneous mix was obtained, before adding water. 
Following this, the computed quantity of water based on the 
compaction characteristics was sprinkled and a uniform mix 
was prepared. To maintain uniform preparation of samples, 
the same duration of mixing was followed for all the 
combinations. This was then packed into the split mould and 
compacted using static compaction. The results were 
obtained from the average of three samples after a curing 
period of 21 days in sealed polythene covers for various 
combinations. The quantity of ESA was increased in 
increments of 0.1% up to 0.5% by weight of dry soil to 
determine the optimum dosage of ESA for maximum 
strength. The mix proportions of soil, lime, and ESA are 
shown in Table 1. To understand the durability behaviour of 
the soil with admixtures, samples were prepared for the 
optimum percentage of ESA and cured with faucet, i.e., tap 
and sea water. The durability of the specimens was 
determined by wrapping the samples in a bed of cotton and 
placing them in a tray which was drenched with normal tap 
and sea water for a period of 24 hours. This was followed by 
a period of 24 hours wherein the samples were placed in the 
open air at room temperature. This constituted one cycle of 
WD. Samples were subjected to 1, 4, 7, and 10 cycles of WD 
(figure 1) after 21 days of air curing. The tap water used had 
a pH value of 6.9 while the sea water, collected from 
Thiruvanmiyur beach, Tamil Nadu, India, had a pH value of 
7.9.  
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Table 1. Mix Proportions 

Mix Proportion Notation Soil (%) Lime (%) ESA (%) 

Soil + 4.5%L SLE0 95.69 4.31 0.00 

Soil + 4.5%L + 0.1%ESA SLE1 95.60 4.30 0.10 

Soil + 4.5%L + 0.2%ESA SLE2 95.52 4.29 0.19 

Soil + 4.5%L + 0.3%ESA SLE3 95.42 4.29 0.29 

Soil + 4.5%L + 0.4%ESA SLE4 95.33 4.29 0.38 

Soil + 4.5%L + 0.5%ESA SLE5 95.24 4.29 0.47 

 
 

 

a. Prepared sample 

 

 

b. Sample under WD process 

Figure 1: Sample for testing 
 
 
3 Results and discussion 

The maximum dry unit weight of the virgin soil was 13.34 
kN/m3 with an optimum moisture content of 28.2%. The ICL 
of the soil found using the Eades and Grim method was 
4.5%. The maximum unit weight value of modified clay with 
ICL was 12.74 kN/m3 and the optimum moisture content was 
32.23%. The samples were prepared at their optimum levels 
to obtain their strength properties.  
 
3.1  UCS of lime stabilized soil modified with ESA 

 
Figure 2 shows the performance of ESA amended lime 

stabilized soil. It is seen that the addition of ESA to the mix 
results in an overall increase in the strength of the stabilized 
soil, irrespective of the content of ESA. All dosages 
generated strength higher than the strength of the virgin soil 
as well as lime stabilized soil. Similar increases in strength 
due to the addition of ESA to lime in the stabilization of soil 
have  also  been  reported by other  researchers [4], [7]. It is  

 

Figure 2. Performance of ESA amended lime stabilized soil 
 

also obvious that an ESA content of 0.2% is the optimum 
dosage for the development of maximum strength. The 
strength of the virgin soil increased from 80 kPa to 229.5 kPa 
for 4.5% lime stabilization at 21 days of curing. With the 
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addition of 0.2% dosage of ESA with 4.5% lime, the strength 
further increases to 445.1 kPa. Earlier, James and Pandian 
[7] reported an optimum ESA content of 0.5% and an ICL of 
5.5% for the soil in their investigation. With a further increase 
in the ESA content of the stabilized soil, the strength of the 
soil is reduced. However, the strength was still higher than 
the strength of the virgin soil as well as the lime stabilized 
soil. Beyond an ESA content of 0.3%, the reduction in 
strength of the soil was less and more or less stable as seen 
from the height of the bars. Thus, it can be concluded that 
the addition of small quantities of ESA will definitely result in 
a beneficial effect on the strength of the lime stabilized soil.  

Figure 2 also shows the percentage strength gain (%SG) 
due to the addition of lime and ESA to the mix. The line with 
solid markers represents the %SG of the stabilized soil, 
computed based on the strength of the virgin soil, denoted 
by %SG (S) in the figure. The addition of 4.5% lime results in 
a %SG of 187% compared to the strength of the virgin soil. 
It can also be seen that all doses of ESA produce a 
significant gain in the strength of the stabilized soil. The 
addition of 0.5% ESA results in a minimum strength gain of 
260.5%. The addition of 0.1% and 0.2% ESA results in a 
strength gain of 438.7% and 456.5%, respectively, when 
compared to virgin soil. In order to understand the 
contribution of ESA to the strength development, the %SG 
was also computed based on the strength of the lime 
stabilized soil. The line with hollow markers represents the 
%SG of the stabilized soil computed based on the strength 
of 4.5% lime stabilized soil, denoted by %SG (LSS) in the 
figure. The addition of 0.1% ESA increases the strength of 
the lime stabilized soil by 87.7%, whereas 0.2% ESA 
increases it by 93.9%. A further increase in ESA content 
results in a drop in %SG to 25.6% when ESA content is 
increased to 0.5%. However, all doses of ESA considered in 
this investigation were capable of further augmenting the 
strength of the lime stabilized soil. Table 2 shows the 
strength results of all the combinations tested in this 
investigation. 

It can also be seen from the strength gain figures that the 
dosages divide the stabilization into two zones at 0.2%. The 
strength values below 0.2% are comparable, whereas the 
strength values beyond 0.2% are comparable as well. 
Nasrizar et al. [24] identified the boundaries of ICL and 
optimum lime content (OLC), dividing lime stabilization into 
three phases. However, the boundary seen in the results 
may be limited only to the present investigation, and more 
future investigations are essential to identify the presence of 
such boundaries in ESA modified soil. Thus, ESA being very 
similar to lime in composition, there are possibilities of 
boundaries existing in the stabilization process which 
involves ESA.   

Figure 3 shows a comparison between the present study 
and earlier studies involving ESA. In order to bring in the 
effect of both the stabilizers into the comparison, the 
composition of the stabilizers has been reduced to an 
ESA/Lime ratio as done in some earlier investigations [12], 
[25], [26]. Most of the work with egg shell waste 
predominantly deals with egg shell powder. To enhance the 

effective usage of the egg shell waste, it is further calcined 
and used as a subsidiary material in the modified soil. Very 
few researchers have addressed this in their investigations, 
especially since the combination of lime and eggshell ash is 
virtually absent in literature. Two earlier studies done by 
James et al. in the year 2017 [4] and 2020 [12] were 
considered for comparison due to their similarities with the 
present study viz. use of combinations of lime and ESA in 
stabilization of a highly plastic soil. The authors of the 
present investigation were unable to find any other similar 
research using the combination of lime and ESA for 
comparison. Pure lime stabilization results have not been 
included in the comparison.  Before the actual interpretation 
of the comparison, it is imperative to list out the limitations of 
the comparison. (i) The soil stabilized using the combinations 
of ESA and lime in each of these investigations is not the 
same and, hence, forms the first and foremost impediment in 
bringing the results to the same plane. (ii) The available data 
for the previous two studies were for 28-day cured samples, 
whereas in the present study they were for 21-day cured 
samples. (iii) The conditions of testing in laboratory-
controlled conditions may not be the same for the three 
studies.  

 

Figure 3. Comparison of present study with previous 
studies 

 
The figure reveals the fact that the strength test results 

obtained in the present study are the highest of the three 
studies compared. A look at the comparison also reveals the 
fact that the strength values of the stabilized soil are higher 
when the ESA/lime ratio is lower. On the whole, when the 
ESA/lime ratio is lower than 0.5, the strength values are 
higher. This is somewhat in agreement with the conclusion 
given by James et al. [12], who recommended adopting 
ESA/lime ratios of less than one. Another important point to 
be noted is that in the work done by James et al. [12], ESA 
was used as a replacement for lime, as a result of which the 
minimum quantity of lime required for stabilization was not 
maintained. This may have been a reason for the low 
development of strength in their study. To summarize, lower 
ratios of ESA/lime can provide greater benefits when 
compared to higher ratios 

 
Table 2. UCS (kPa) and % SG of all combinations 

Parameter Soil SLE0 SLE1 SLE2 SLE3 SLE4 SLE5 

UCS 79.98 229.54 430.87 445.08 310.14 303.34 288.34 

%SG (S) - 187 438.7 456.5 287.8 279.3 260.5 

%SG (LSS) - - 87.7 93.9 35.1 32.1 25.6 
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3.2 Durability of ESA modified lime stabilized soil 
 

The durability of the stabilized soil was determined by 
studying the strength of the stabilized specimens after they 
were subjected to 1, 4, 7, and 10 cycles of WD. The samples 
which were not subjected to any cycles were considered the 
control specimens. Figure 4 shows the effect of WD on the 
strength of the ESA modified lime stabilized soil. It is clear 
that the effect of WD results in a reduction in the strength of 
the stabilized soil. For the samples immersed in tap water, 
there is a drastic reduction in strength till 7 cycles of WD, 
whereas in the case of samples immersed in sea water, there 
is a significant reduction in strength of the specimens until 4 
cycles of WD. The strength of the samples drops from 445.1 
kPa to just 105.1 kPa after 7 cycles of WD. At 10 cycles of 
WD, the strength marginally increases to 110.85 kPa, which 
is still higher than the strength of pure lime stabilized soil 
under normal conditions.  
 

 

Figure 4. Durability of ESA modified lime stabilized soil 
subjected to WD 

 
In the case of sea water weathering, the initial strength of 

the specimens is lower than that of the tap water weathering. 
However, after 4 cycles of WD, the specimens resist loss in 
strength much better than specimens subjected to tap water 
weathering. The strength of the samples reduces from 445.1 
kPa to 236.2 kPa at 4 cycles of WD and thereafter drops to 
171.8 kPa at 10 cycles of WD. This is significantly higher than 
the strength of pure lime stabilized soil. Kavak et al. [27] as 
well as Bilgen et al. [28] report that stabilized soil specimens 
prepared with sea water developed higher strength when 
compared to those with tap water. Kavak et al. [27] attributed 
this to the flocculation effect of salt present in seawater. As 
a result, the deterioration of the strength of the specimens in 
sea water is lower than in tap water. Table 3. shows the UCS 
of the optimally modified soil after different cycles of wetting 
and drying in normal and sea water. 

To better understand the durability of the stabilized 
specimens in the present study, the strength index (Iqu) of the 
stabilized soil specimens was determined. Muntohar and 
Khasanah [29] report the strength index to be the ratio of the 
strength of the stabilized specimen subjected to WD cycles 
to that of the strength of the specimens not exposed to WD. 
Figure 5 shows the strength indices of the ESA modified 
stabilized soil along with the results of the work done by 

James et al. [12]. They considered only up to 5 cycles of WD 
in their investigation. The total binder content was 3%, in 
which the lime/ESA ratio was varied as 2:1, 1:1, and 1:2. For 
the purpose of comparison, the data from the present study 
is limited to 7 cycles, as the other study investigated only up 
to 5 cycles. At the outset, it is clear that the strength index of 
the specimens tested in the present study steadily 
decreases. In the case of the samples subjected to seawater 
weathering, the strength index stabilizes after 4 cycles of 
WD. Comparing the results of the present study with those 
of James et al. [12], it can be seen that their strength indices 
are lower than those of the specimens in the present study, 
with the exception of LE12. The combination LE12 has an 
increase in strength index with increase in the number of WD 
cycles. This may be mainly due to the fact that the proportion 
of ESA was double that of lime in the mix. ESA is rich in 
calcium oxide, which is more reactive when compared to 
hydrated lime. The immersion of the specimen would have 
supplied additional water content required for hydration of 
this calcium oxide from ESA, resulting in an increase in 
strength. Thus, it was found that the durability of the ESA 
modified lime stabilized soil was much better in saline 
environments when compared to normal environments. 
However, more detailed investigations are required to 
understand the mechanism behind the improved resistance 
using microstructural studies. 

 

Figure 5: Strength index of stabilized specimens 
 
3.3 Stress-strain characteristics of ESA modified lime 

stabilized soil 
 
Figure 6 shows the stress-strain characteristics of the 

lime stabilized soil modified with an optimal dosage of ESA 
and subjected to cycles of WD. The sample not subjected to 
WD has been taken as the control specimen. For the sake of 
clarity, the samples subjected to 1, 4, and 10 cycles alone 
have been shown along with the control specimen. It is clear 
that 0.2% ESA modified lime stabilized soil exhibits brittle 
behaviour, with the failure strain at 1.07%. The first cycle of 
WD in normal tap water (T) results in an increase in the 
brittleness of the specimen with the failure strain reduced to 
0.7%, However,  the  peak  stress  also  reduces  marginally.  

 

Table 3. UCS (kPa) of optimally modified soil after various cycles of wetting and drying 

Agent / Cycles 0 1 4 7 10 

Normal Water 445.08 411.32 259.68 105.08 110.85 

Sea Water 445.08 365.50 236.21 239.50 171.79 
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But, on the other hand, WD in seawater (S) results in a slight 
reduction in brittleness with a lowered peak stress and 
increased failure strain at 1.45%. The first cycle of WD has 
different effects on the stabilized soil specimens due to the 
difference in the fluid to which the specimens were exposed. 
With an increase in the number of cycles of WD to 4 cycles, 
the behaviour of the specimens, both in tap water and 
seawater, exhibits an increased ductile behaviour with a 
significant reduction in peak stress and an increase in 
corresponding peak strain. The specimen in seawater had a 
peak failure strain of 2.37%, whereas the specimen in tap 
water had a peak strain of 2.89%, both of which are 
significantly higher than the failure strains in the first cycle. 
At this stage, both tap water as well as seawater cycled 
specimens exhibit more or less similar stress-strain 
characteristics. After 10 cycles of WD, specimens in both tap 
water as well as seawater seem to have recovered some of 
their brittle nature, though the peak stress is significantly 
reduced when compared to the control. The failure strains 
were 1.05% and 1.18% for seawater and tap water cycled 
specimens, respectively. At this stage, specimens in 
seawater seem to have developed more stiffness when 
compared to tap water cycled specimens. Based on the 
stress-strain characteristics, it can be inferred that WD cycles 
significantly influence the stress-strain characteristics of the 
specimens. Moreover, the type of pore fluid also significantly 
influences the stress-strain behaviour. Lastly, the extent of 
exposure to different pore fluids can result in different stress-
strain behaviours, as seen from the opposing stiffness 
behaviours at the start and end of the durability cycles for tap 
water and seawater cycled specimens. However, the 
durability of specimens in seawater is not as frequently 
investigated as in normal tap water. More detailed 
investigations with various controls can reveal a much better 
picture of the stress-strain behaviour of such stabilized 
specimens. 
 

 

Figure 6: Stress - strain behaviour of ESA modified lime 
stabilized soil 

 

4 Conclusion 

The use of sustainable material to increase the shear 
strength of the soil has been heavily researched by many 
researchers in recent times. With advancements in 
technology, poultry and agricultural by-products are also 

used after processing or calcinating them to modify the 
properties of the soil by mixing them in various portions.  

In this study, egg shell obtained from poultry is calcined 
and mixed with ICL content to modify the shear strength of a 
problematic soil. ESA was added to the soil in concentrations 
ranging from 0.1% to 0.5%, and experiments were carried 
out. To understand the durability characteristics of ESA + ICL 
in soil, the WD process was carried out with tap and sea 
water for 1, 4, 7, and 10 cycles. The following observations 
were made from the test results. 

1. The ILC of the soil was found to be 4.5%; for this soil, 
the optimum percentage of ESA was 0.2%. With the addition 
of 4.5% lime to the soil, the shear strength increases from 
79.98 kPa to 229.54 kPa, which is 2.87 times. The addition 
of 0.2% ESA to 4.5% lime stabilized soil results in the 
strength further increasing to 445.1 kPa, an increase of 1.93 
times. Beyond the addition of 0.2% of ESA with lime to the 
soil, the role of ESA diminishes in increasing the strength of 
the soil, but the UCS value at 0.5% ESA is almost 1.26 times 
that of the pure lime stabilized soil. This indicates that the 
role of ESA in stabilization is appreciable. 

2. The optimal dosage of 0.2% ESA seems to divide the 
stabilization into different stages. There is a possibility that 
such boundary values may exist for ESA just like ICL and 
optimum lime content (OLC) exist for lime stabilization, which 
needs to be further researched. 

3. When the ratio of ESA/lime reduces, the UCS of the 
soil increases. This is true both for ESA as an additive as well 
as ESA as a replacement, as seen in a previous study. Thus, 
it can be concluded that lower ratios of ESA/lime are more 
beneficial in stabilization. Further research can be carried out 
to establish this for other types of soils and conditions. 

4. The increase in the number of WD cycles with tap and 
sea water reduces the strength of the soil. With an increase 
in the number of cycles, the WD process with sea water 
shows better performance than with tap water, which is due 
to the speedy reaction of hydrated lime with the cations of 
ESA and sea water, making the soil flocculated. Thus, it can 
be stated that ESA modification of lime stabilization can be 
adopted in the stabilization of soils exposed to seawater. 

5. Based on the stress-strain response, it can be stated 
that the stress-strain behaviour of the soil is influenced by 
WD conditions, the type of pore fluid, as well as the extent of 
exposure, resulting in varying behaviours. But, durability 
against exposure to seawater needs more research to better 
explain the behaviour of such stabilized soils in the 
aforementioned conditions. 

This investigation reveals some interesting information 
that can be researched in future investigations. The 
existence of boundaries in stabilization stages for ESA can 
be researched (like ICL or OLC exists for lime). The effect of 
the ratio of ESA/lime when lime content is below ICL, 
between ICL and OLC, and above OLC can be further 
researched for a better understanding of optimizing ESA in 
lime stabilization. With decreasing sources of good quality 
water, the potential of seawater as a potential hydrating 
agent as well as a curing agent can be studied in future 
investigations. 
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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  

Base isolation of buildings is the most efficient way of designing seismically resistant 
structures. Application of seismic isolators allows mutually independent movements 
of the ground and the structure during earthquakes. The application of seismic 
isolators increases the natural period of vibrations, which reduces the seismic forces 
in the structure. The paper analyzes the influence of the application of lead rubber 
bearings on the response of the structure to the action of an earthquake. A 
reinforced concrete frame structure was analyzed both for the case of base isolation 
and rigid foundation. Based on the comparative analysis of the natural period of 
vibrations, base shear seismic forces, displacement of the top level of the structure 
and relative inter-storey drift, conclusions were drawn about the efficiency of 
application of this type of seismic isolator. The required amount of ductility of a 
structure, as well as damage to structural and non-structural elements, is greatly 
reduced by base isolation. 
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1  Introduction  

The influences on the structure caused by an earthquake 
are quite often dominant in the design of structures in 
seismically active areas. During an earthquake, damage to 
the structural and non-structural elements can be caused, as 
well as the collapse of the structure. This leads to significant 
consequences, such as huge material costs or, potentially, 
to the loss of human lives, which are irretrievable. Therefore, 
the seismic protection of buildings became a very attractive 
field of research in the 20th and 21st centuries. 

The beginning of the concept of the design of seismically 
resistant structures dates from the end of the 19th and the 
beginning of the 20th century, resulting in the registration of 
various patents within this field. The proposed solutions 
consisted of separating the structure and the foundation by 
the system of the balls in concave bearings [1], as well as by 
a layer of sand or talc [2]. Such a system provided relative 
ground movement with regard to the building, lowering 
seismic forces in the structure. Nowadays, this concept is 
known as base isolation. 

The modern base isolation concept is based on the 
application of devices that are set in seismic dilatation. 
Seismic dilatation is constructed at the level of the foundation 
or above the stiff basement structure, so the structure is 
divided into isolated structures and substructures. Seismic 
isolation devices are stiff enough in the vertical direction to 
transfer the gravity load, but they are less stiff in the 
horizontal direction. As a result, the natural period of 
vibration of the isolated structure increases up to several 
times compared to the rigidly founded structure. By 
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increasing the natural period of vibration of the structure, the 
values of mass acceleration are decreased as well as the 
intensity of the seismic forces in the structure. The 
application of these devices changes the response of the 
structure during an earthquake. A rigidly founded structure is 
dominantly deformed by bending and shearing due to an 
earthquake, while in the case of the base isolation, the 
structure is moving predominantly translational. That is why 
the damage to the structural elements of the seismically 
isolated structures is smaller compared to conventional 
structures. The intensity of the seismic forces in the structure 
also depends on the characteristics of the foundation ground. 
Due to the increasing natural period of vibration of the 
structure, the intensity of the seismic forces is decreased, 
while in the case of the soft ground seismic forces are 
increased. The seismic isolation of a structure has the 
greatest effect on the structure with the shortest natural 
period of vibration, as in the case of a good foundation in the 
ground. 

According to the way the horizontal flexibility is provided, 
seismic isolators can be divided into elastomeric, sliding, and 
combined bearings [3]. Elastomeric bearings provide seismic 
isolation of structures with the flexibility of the material used 
for their manufacture. Natural or synthetic rubber is used in 
the production of elastomeric bearings. According to the level 
of damping, elastomeric bearings can be: low-damping 
rubber bearings, lead-rubber bearings, and high-damping 
rubber bearings [4-7]. 

A lead rubber bearing (LRB) has been developed in order 
to increase the damping of elastomeric bearings and to 
reduce the displacement of the structure. It consists of steel 



Analysis of the seismic response of an RC frame structure with lead rubber bearings 

74 Building Materials and Structures 65 (2022) 73-80 

plates, rubber, steel shims, and a lead core in the central part 
(Figure 1). The lead core is dominantly deformed by shear, 
characterized by a relatively small yield strength (usually 
about 10 MPa). Due to the plastification of the lead core, 
seismic energy is absorbed, and the force-displacement 
dependence of this isolator can be idealized by a bilinear 
diagram [8, 9]. 

 

Figure 1. Characteristic section and basic parts of lead 
rubber bearing 

 
Numerous experimental research has been conducted in 

order to determine the mechanical characteristics of this type 
of LRB. It has been confirmed that the lead core provides an 
adequate level of energy dissipation [4, 10-13]. The 
numerical models for the analysis of the properties of a LRB 
were also developed [12, 14-17]. The seismic analysis of 
base isolated structures confirmed that the use of LRB has a 
favourable effect on the structural response [18-20]. Similar 
results were confirmed in the analysis of the seismically 
isolated bridges [21]. 

The paper analyses the dynamic response of a reinforced 
concrete frame structure with LRB under the action of the 
north-south component of the Imperial Valley (El Centro) 
earthquake. A comparative study of the dynamic response of 
the structure was conducted with regard to the case of a 
rigidly founded structure. The analysis was performed on the 
SAP2000 software package. 

2 Setting up the analysed problem 

The effects of the application of base isolation of 
buildings are analysed on the reinforced concrete frame 
structure Gr+13St, with a storey height of 3 m. Frames are 
set at an equal distance of 4 m. The structure has 6 bays in 

one and 4 bays in the other horizontal direction (Figure 2). 
The columns have a square cross-section of 60 cm, and the 
beams have a rectangular cross-section of b/h = 25/50 cm. 
The floor slabs are 20 cm thick. All structural elements are 
made of concrete, class C25/30. In both the lower and upper 
zones, the columns are reinforced with 12BØ20 and the 
beams with 5BØ16. The reinforcement was adopted so that 
the structure could bear both dead and live loads. The 
intensity of the dead load is 2.00 kN/m2, while the live load is 
3.00 kN/m2. The loads are uniformly distributed over all floor 
slabs. 

The analysis of the case when the structure is rigidly 
founded and supplied with base isolation with LRB is 
conducted. The LRB of the Dynamic Isolation System 
company is used. The maximum axial force in the columns 
under the serviceability load, which acts as a vertical force in 
the seismic isolator, is around 2300 kN. Based on the 
technical documentation, an isolator of 650 mm in diameter 
is adopted under each column, and its axial capacity is 2700 
kN [22]. The isolator is composed of twenty layers of 12 mm 
thick rubber, and between each of them are 3 mm thick steel 
shims. In the central part of the isolator, a lead cylinder with 
a diameter of 150 mm is placed. The bilinear hysteretic 
behaviour of the isolator is described by elastic and post-
elastic stiffness and yield strength. For the adopted isolator, 
the post-elastic stiffness is 505.3 kN/m and the yield strength 
is 100 kN. According to the manufacturer's recommendation, 
the horizontal elastic stiffness of the isolator is approximately 
10 times larger than the post-elastic stiffness [22], and it is 
adopted in the paper. Analysis of the dynamic response of 
the structure under earthquake action also includes the 
influence of the vertical stiffness of the isolator, which is 
700,000 kN/m [22]. 

3 Numerical analysis of the structure's seismic 
response 

A numerical analysis of the structure´s response during 
the earthquake was conducted in the software package 
SAP2000. The program is suitable for modelling 1D, 2D and 
3D problems, including material and geometric 
nonlinearities, and analysing dynamically loaded structures 
using direct integration of equations of motion in the time 
domain. 

 
 

a)  b)  

Figure 2. Disposition of the analysed structure; a) floor plan, b) longitudinal section 
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3.1 Finite element model 
 

The geometry of the model is done in accordance with 
the geometry of the building (Figure 2). The columns and 
beams are modelled by 1D beam finite elements (FE), while 
floor structures are modelled with shell elements, where the 
appropriate geometric characteristics are defined. The 
length of the 1D finite elements is 1 m, while the floor 
structures are meshed with square finite elements with an 
edge length of 1 m. Relatively large dimensions of finite 
elements are adopted because of the complexity of the 
nonlinear calculation of the dynamic response of the 
structure by the method of direct integration of equations of 
motion. It did not significantly affect the accuracy of the 
results because the floor structures act as rigid diaphragms. 
The geometry of a numerical model with a finite element 
mesh is shown in Figure 3. 

 

Figure 3. Geometry and FE mesh of the FEM model 
 
Concrete is modelled as an isotropic material, whereby 

the modulus of elasticity is 31 GPa and the Poisson's ratio is 
0.20. The Mander’s stress-strain curve is adopted in order to 
describe the nonlinear behaviour of concrete, where the 
strain corresponding to the compressive strength of concrete 
is 2 ‰ and the ultimate strain is 5 ‰. Upon reaching the 
compressive strength, the material softens, and the slope of 
the stress-strain function is equal to 10 % of the modulus of 
elasticity (Figure 4a). In order to describe the hysteretic 

behavior of the concrete, the Pivot model is adopted, which 
is recommended by software documentation and other 
researchers [23, 24]. The Pivot hysteresis model is defined 
by five parameters, which determine the reduction of 
stiffness due to the cyclic load. The parameters α1 = α2 = 1, 
β1 = β2 = 0.30, η = 10 are adopted in the paper. 

The stress-strain relationship (Figure 4b) is defined in 
order to describe the nonlinear behaviour of reinforced steel. 
The modulus of elasticity is 200 GPa and the yield strength 
is 500 MPa. After yielding, material hardening occurs up to 
the ultimate strain of 20 ‰, after which the material fails. In 
order to model the hysteretic behaviour of reinforcement 
under cyclic load, a kinematic model suitable for modelling 
ductile materials is adopted [23]. 

The characteristics of developing plastic hinges at the 
ends of beams and columns are defined with the purpose of 
covering the damage to the structure during an earthquake. 
Beams are dominantly loaded to bend about a horizontal 
central axis. Regarding that, the plastic hinges of beams are 
defined based on the bending moment. The moment-
curvature relation in post-yielding behaviour depends on the 
cross-sectional dimensions, reinforcement ratio, and shear 
force. The yield curvature and post yield moment-curvature 
relation for beams are calculated based on the 
recommendations of FEMA-356 table 6-7 [25] for the 
adopted dimensions of cross-section and reinforcement of 
beams. Columns are dominantly loaded by axial force and 
bend about both horizontal central axes. Yield moment of 
columns depends on the intensity of axial force. The yield 
curvature and post yield moment-curvature relation for 
columns with interaction of axial force and bi-axial bending 
moments are defined in FEMA-356 table 6-8 [25]. Plastic 
deformations of column hinges are calculated according to 
these recommendations and adopted cross-sectional 
dimensions and reinforcement of columns. 

In the case of the rigidly founded structure, the boundary 
conditions on the columns at ground-level are defined to 
prevent all translations and rotations. In the case of a base 
isolated structure, the modelling of seismic isolators is done 
using link elements with the definition of appropriate 
mechanical characteristics in three orthogonal directions. 
The isolator has linear elastic characteristics in the vertical 
direction and nonlinear bilinear behavior in the horizontal 
directions, where the corresponding characteristics are 
defined in accordance with the mechanical characteristics of 
the selected LRB (Section 2). 

a)  b)  

Figure 4. Stress-strain diagrams: a) concrete; b) reinforcement 
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In the dynamic analysis of models, the mass of the 
structure was defined as the sum of the dead and live load 
and the self-weight of the structure. A nonlinear static 
analysis of the structure for the combination of dead and live 
load is conducted. The nonlinear analysis includes material 
nonlinearity, while  the P-Δ method models the geometric 
nonlinearity. P-Δ procedure is adequate in analyses in which 
the vertical load does not vary significantly. The stiffness 
matrix in the P-Δ procedure is constant during the 
calculation. This is considered as an advantage over the 
calculation methods that include large displacements where 
the stiffness matrix is calculated in each iteration step, 
because it requires less time for calculation. 

The dynamic response of the structure to the action of 
the north-south component of the Imperial Valley earthquake 
is analysed. In the analysis, the earthquake load is defined 
as the acceleration of the supports in the x direction of the 
global coordinate system, using the earthquake 
accelerogram. The values of ground acceleration are defined 
in equal time intervals of 0.02 s, and the duration of the 
earthquake is 53.74 s (Figure 5). 

The seismic response of the structure is calculated using 
direct integration of equations of motion in the time domain, 
which includes material and geometric nonlinearity via the P-
Δ method. The dynamic calculation is conducted after the 
nonlinear static calculation for the combination of dead and 
live loads. 
 
3.2 Model analysis parameters 

 
Nonlinear dynamic analysis is conducted through 2687 

sub-steps, with a time increment of 0.02 s, which 
corresponds to the discrete values of applied accelerogram 
of the Imperial Valley earthquake. The calculation includes 
the damping of 5 % defined by the Rayleigh model. The 
integration of the dynamic equations is performed by the 
implicit Hilber-Hughes-Taylor method, where the integration 
parameters are α = 0, β = 0.25 and γ = 0.5. 

The values of the natural periods of vibration, shear 
forces at the base, displacements of the top level of the 
building and relative inter storey drifts are considered in the 
comparative analysis of the dynamic responses of the 

structure with and without LRB. Also, based on the plastic 
hinges propagation, a conclusion about the degree of 
structural damage is made. The economic aspect of the 
application of the seismic isolators is shown based on the 
required area of reinforcement in the columns in the case 
with and without LRB, designed for the action of dead and 
live load and the action of the Imperial Valley earthquake. 
 
3.3 The results of the analysis and discussions  

 
The basic dynamic parameter of each structure is the 

natural period of vibration. Therefore, it is set as a starting 
point for comparison of the structural response with and 
without LRB. Figure 6 and Figure 7 show the first three 
natural modes with the values of natural periods for a rigidly 
founded structure and a base isolated structure, respectively. 
It is noticed that with the application of LRB there is an 
increase in the natural period of vibration of the structure, i.e., 
to frequency reduction, which is one of the goals of the 
application of the seismic isolators. The increase in the 
period of oscillation occurs due to the deformability of the 
seismic isolators in the horizontal direction, so, unlike the 
rigidly supported structure, there are displacements of the 
supporting nodes. In comparison to the structure without 
seismic isolators, the natural periods of vibration of the 
structure with LRB are increased by 45 %. As the natural 
period increases, the acceleration of masses decreases 
along with the intensity of inertial forces during the 
earthquake. 

The change in base shear force as a function of time is 
shown in Figure 8. With the application of LRB, the base 
shear force is reduced by about 50 %. In addition to the 
significant reduction in shear force due to the earthquake in 
the case of the base isolated structure, it should be noted 
that the change in shear force over time is more uniform than 
in the case of the rigidly founded structure. In the latter case, 
a sudden change in the ground acceleration is followed by 
the sudden oscillations of the shear force. The maximum 
value of the base shear force with and without LRB does not 
occur at the same time (Figure 8), which is a consequence 
of the longer natural period of the structure with LRB. 

 
 

 

Figure 5. Accelerogram of Imperial Valley earthquake, component north-south 
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a)  b)  c)  

Figure 6. The first three mode shapes and natural periods of the rigidly founded structure: 
a) I period - y direction, T1 = 1.395 s; b) II period - x direction, T2 = 1.343 s; c) III period - torsion, T3 = 1.203 s 

 

a)  b)  c)  

Figure 7. The first three mode shapes and natural periods of the base isolated structure: 
a) I period - y direction, T1 = 2.044 s; b) II period - x direction, T2 = 1.981 s; c) III period - torsion, T3 = 1.759 s 

 
 

a)  b)  

Figure 8. Base shear force vs. time, x direction: a) Rigidly founded structure, max 8909 kN at t = 6.00 s; 
b) Base isolated structure, max 4303 kN at t = 5.68 s 

 
 

In Figure 9, the displacement of the top level of the 
structure with and without LRB as a function of time is 
presented. The displacement of the top level in the case with 
LRB is higher by about 35 % compared to the case without 
seismic isolators. Figure 10 shows the maximum horizontal 
displacements of the floors of the analysed models. Although 
the absolute displacement of the top of the structure with 

LRB is larger than in the case without isolators, the fact that 
the supports displace too should be pointed out. The relative 
displacement of the top level of the structure with LRB in 
relation to the supports is 0.0663 m, which is about 35% less 
than the displacement of the top level of the rigidly founded 
structure. 
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a)  b)  

Figure 9. Horizontal displacement of top level of structure vs. time, x direction: a) Rigidly founded structure, max 0.1016 m at 
t = 6.04 s; b) Base isolated structure, max 0.1373 m at t = 5.60 s 

 

Figure 10. Maximum horizontal displacements of the floors in the earthquake directi 
 
 

An important indicator of the response of the structure to 
the action of the earthquake is the relative interstorey drift. It 
is defined as the quotient of the divergence between the 
displacement of two adjacent floors and the storey height. 
Figure 11 shows the relative interstorey drifts of the structure 

with and without LRB when the maximum displacement of 
the top level of the building is reached. The relative 
interstorey drifts in the case of the structure with LRB are 
smaller in relation to the case of rigidly supported structure 
for the 2nd floor and higher, while in the 1st floor it is larger. 

 

Figure 11. Interstorey drifts in the moment of maximum displacement of the top level of structure 



Analysis of the seismic response of an RC frame structure with lead rubber bearings 
 

Building Materials and Structures 65 (2022) 73-80  79 

a)    b)  

Figure 12. Plastic hinges in frame in the axis 3-3; a) rigidly founded structure; b) base isolated structure 
 
 

According to the analysis of plastic deformations of the 
beam and column joints, it can be observed that the beam 
joint plastification occurs both in the model without and with 
LRB (Figure 12). In the case of the building without LRB the 
ends of all beams up to the 8th floor are plastificated, as well 
as the joints of individual columns, while in the case of a 
building with seismic isolators, the ends of all beams up to 
the first floor are plastificated. This is considered to be the 
consequence of lower seismic force in the case of the 
application of LRB, and of dissipation of the part of the 
seismic energy by plastic deformations of the lead core. The 
maximum plastic rotation in a model without LRB is 0.002559 
rad, while by the application of LRB, maximum plastic 
rotation is decreased to 0.001318 rad. The application of 
lead rubber bearings significantly reduces the plastic 
deformations of the structure, which results in less damage 
to the structure during the earthquake compared to damage 
of the non-isolated structure. 

The design of all columns for the effects of dead and live 
load and seismic action was conducted in accordance with 
Eurocodes 2 and 8 [26, 27]. The design of the columns was 
conducted in order to compare the required area of 
reinforcement in the columns in the model without and with 
LRB. In the case of the model without LRB, the maximum 
required area of reinforcement is 70,5 cm2, while in the model 
with LRB it is 44,9 cm2. The reduction of the seismic forces 
in the structure with seismic isolators is reflected in the 
reduction of the required area of reinforcement in the 
columns by 36%. 

4 Conclusion 

Based on the results of the numerical analyses 
conducted in this work, the following conclusions can be 
drawn: 

• the application of the lead rubber bearings increases 
the natural periods of vibration of the analysed structure by 
approximately 45%, 

• the application of lead rubber bearings significantly 
improves the dynamic response of the structure, which is 
reflected in a significant reduction of seismic forces, 
displacement of the top level of the structure and relative 
inter storey drifts, 

• the application of lead rubber bearings reduces the 
development of plastic hinges in beams and columns 
compared to the rigidly founded structure, which is an 

especially important advantage because the occurrence of 
plastic hinges in columns can lead to the loss of bearing 
capacity and stability of the entire structure, 

• lead rubber bearings contribute to the reduction of the 
influences in the structural elements, which results in the 
reduction of the required area of reinforcement in the RC 
columns. 

Further research in this area should be focused on 
parametric analysis of the dynamic response of structures 
during earthquakes, varying the stiffness of the LRB. The 
structure analysed in this paper is regular in plan and 
elevation, so further research can be directed towards 
analysing the effects of LRB application in structures with 
irregularities. 
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