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Bearing Capacity Equation for Shallow Foundations on
Unsaturated Soils

Ali Reza BAGHERIEH"
Ozer CINICIOGLU?

ABSTRACT

For shallow foundations resting on unsaturated soils, matric suction increases effective
stresses, resulting in enhanced bearing capacity. However, this boost in bearing capacity is
ignored in practice for the sake of simplicity, thus compromising economy. That is why this
study aims to consider the beneficial effect of unsaturated conditions on bearing capacity.
This is achieved by applying limit analysis using the finite element method on unsaturated
soils and investigating the problem parametrically for shallow foundations. The suction effect
is taken into account in the formulation of the limit analysis based on effective stress
principle. The numerical outcomes are verified by comparing them with available
experimental data from the literature. The findings from the parametric study emphasize that
the influence of suction on bearing capacity is determined by the friction angle. Moreover,
the effects of a varying suction profile are contingent on the foundation width. Based on the
results derived from the numerical analyses, a modified bearing capacity equation is
introduced. This equation showcases a very good coefficient of determination, effectively
encompassing the effects of the soil suction profile. Consequently, the proposed procedure
can be considered as a convenient yet precise tool for estimating bearing capacity in
engineering practice.

Keywords: Bearing capacity, effective stress, unsaturated soil, matric suction, finite element
limit analysis.

1. INTRODUCTION

Design of shallow foundations involve the consideration of ultimate and serviceability limit
states. The main problem corresponding to an ultimate limit is the bearing capacity. That is
why there are a number of seminal studies for calculating bearing capacity [1-4]. The general
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practice in bearing capacity calculations is to assume either saturated or dry conditions for
the underlying soil layers, even though unsaturated soils account for almost 40% of Earth's
land surface. As bearing capacity of unsaturated soils are greater, this practice yields
uneconomic results. Therefore, accounting for unsaturation in bearing capacity computations
would be economically beneficial.

The most common analytical methods used in the determination of bearing capacity are limit
equilibrium, limit analysis and method of characteristic lines. Among these, limit analysis
involves the upper bound and the lower bound theorems based on the classical theory of
plasticity. Use of limit analysis method for analyzing stability is difficult when geometry and
loading conditions are complex [5]. Therefore, combining the advantages of finite element
method (FEM) with the theory of limit analysis presents a powerful option for evaluating
stability and failure problems. The theoretical basis of finite element limit analysis method
was originated from the studies of Lysmer [6] and Bottero et al. [7]. Subsequently, Sloan [5,
8] presented a new numerical scheme for solving lower bound and upper bound limit analysis
problems using FEM and linear programming. Kim et al. [9] introduced pore water pressure
into FELA formulation and applied it to the analysis of slope stability problems. This
formulation can be straightforwardly extended to unsaturated soils with the aid of effective
stress principle.

Mechanical behavior of unsaturated soils started to attract the attention of researchers around
1950s and the primary focus was on the applicability of effective stress principle. Researchers
questioned the applicability of effective stress principle in some features of soil behavior like
collapse [10-12]. These arguments were predominately based on an equivalent linear elastic
theoretical background [13]. Therefore, up until early 2000s most models were based on two
independent stress variables, until it was reasoned that collapse involves non-recoverable
deformations and therefore arguments questioning the validity of effective stress principle
are incorrect [14].

Over the recent two decades, experimental measurements of the bearing capacity of shallow
foundations resting on unsaturated soils have been reported by several researchers [15-19].
However, due to the complexity of the problem and the relatively small number of
experiments reported so far, as well as to the fact that existing experiments are generally
performed on small scale footings, comprehensive understanding of the behavior of
foundations on unsaturated soils is still lacking.

Fredlund et al. [20] proposed a relationship for calculating shear strength of unsaturated soils
as a function of independent stress variables of net stress (o - u,) and suction (u, - uy) as:

T=c"+ (0 —uy)tan¢g’ + (u, — u,,) tan ¢? (1)

where c’is cohesion, ¢” is friction angle, and ¢? is the friction angle of the unsaturated soil
because of the contribution of suction. Moreover, o is total stress, u, and u,, are air and water
pressures, respectively.

Yet there has been limited research on unsaturated bearing capacity. Oloo et al. [21] modified
Terzaghi's general bearing capacity equation and adjusted the cohesion term to consider the
effect of matric suction on the ultimate bearing capacity (q.), as given in Eq. (2).
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Guie = [¢' + (ug —uy) tan $°IN, + gN, + 0.5ByN, )

where ¢ is the overburden pressure, B is the width of the footing, y is soil unit weight, and
N., Ny, Nyare bearing capacity factors.

This method is referred to as total cohesion concept. Similarly, Oh and Vanapalli [22]
adopted a similar approach and modified the cohesion term to account for the contribution of
matric suction. More recent effective-stress based works use cohesion correction strategy to
consider suction effects [23, 24]. Their general form of bearing capacity equation is as
follows:

Quie = [¢’ + x(ug — uy,) tan ¢’'|C¢N, + qN, + 0.5ByN, 3)

However, the majority of available methods often need a number of tuning or fitting
parameters such as C¢ which require material-specific calibration (Akbari Garkani et al., [24])
and this drawback limits their efficiency and practicality. On the other hand, Vo and Russell
[25] solved the problem of bearing capacity of shallow foundations on unsaturated soils using
Slip Line Method and proposed dimensionless bearing capacity charts. Inspired by apparent
cohesion concept Vo and Russell [25] used dimensionless parameters which are originally
defined by Martin [26] for soils with depth dependent cohesion values. Likewise, the
effective-stress based relation of Tang et al. [27] modifies cohesion by considering the
frictional contribution of suction.

Recently, Ghasemzadeh and Akbari [28] developed a limit equilibrium solution based on
independent stress variables approach. Simultaneous with the modification of soil cohesion
to take the influence of soil suction into account, a new term is introduced into Terzaghi’s
bearing capacity equation to consider the contribution of suction.

On the other hand, Jahanandish et al. [29] calculated the bearing capacity of foundations
resting on unsaturated soils by the method of Zero Extension Lines based on the principle of
effective stress. To account for the effect of unsaturation, empirical relations were proposed
to adjust Ny as a function of suction. Similarly, Ajdari and Esmail-Pour [19] performed
experiments on small-scale physical model footings and then adjusted Ny for different
magnitudes of suction to fit the experimental data. Much like numerous other existing
methods, this approach requires the utilization of fitting parameters specific to the soil being
studied.

Clearly, the influence and contribution of suction to bearing capacity need to be well
understood and methods based on numerical analyses provide a powerful medium for this

purpose.

Accordingly, present work adopts a numerical approach and utilizes Finite Elements Limit
Analysis (FELA) which is a powerful yet effective tool. The most important advantage of
FELA over nonlinear stress-strain analyses is that it can directly determine the capacity with
low computational effort. For this purpose, Optum G2 [30] software is used in this study.
The optimal limit solution is determined by incorporating the Mohr-Coulomb yield criterion.
After determining the trend of bearing capacity boost induced by matric suction, the bearing
capacity equations are modified to take the effects of suction into account.
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2. METHOD OF ANALYSIS

Kim et al. [9] introduced steady-state pore-water pressures to the formulation of FELA based
on the effective stress principle. Both in lower-bound and upper-bound formulations, pore
pressures were introduced as auxiliary nodal variables. In lower-bound analysis, effective
stresses were used for applying yielding constraints, while total stresses were applied for
imposing stress boundary conditions. As an example, two-dimensional differential equations
of equilibrium are as follows:

aGX atxy 0cx' 6uw atxy

—X —_— = X —= —= =0 4a
0x ay [1)4 + 0x + ay ( )
doy | 0txy _ 00y’ | duyw | OTxy _ (4b)
ay ax ay ay ax

In which, u,, is pore-water pressure and stress variables with prime superscript denote
effective stress variables while those without prime are total stresses.

Correspondingly, Kim et al. [9] employed effective stresses to enforce yield condition and
flow rule in upper bound solutions. They also considered the work done by pore-pressure in
the formulation. The procedure suggested by Kim et al. [9] can be easily extended to
unsaturated soils using Bishop's [31] equation of effective stress.

0'= (0 —ug) + x(ug —uy) = (0 —ug) + x5 )

Here, ¢ denotes the effective stress parameter under partially saturated conditions and s is
suction. Analogous to Terzaghi's [1] bearing capacity equation in unsaturated state, u,, in Eq.

3 is replaced with u, — xs as given below:

dox |, Otxy _ 9oy’ | 8(ua—xs) , Otxy _

0x ay T oox + [1)4 + ay =0 (63)
do at doy’ d(uz—xs at

%% 4 Iy _ 90y | IUa=xs) X — (6b)
ay 0x ay ay 0x

The bearing capacity of shallow foundations were evaluated using the upper and lower bound
theorems of plasticity in finite element simulations (FELA). The analyses were performed
using OptumG2 [30] software which uses second order cone programming (SOCP) to solve
the optimization problems of limit analysis. Originally Optum G2 [30] that the effective stress
parameter () is equal to the degree of saturation (S;). However, in the present research,
Khalili and Khabbaz [32] relation is preferred which empirically determines the magnitude
of y as function of suction ratio:

_ -0.55
X = (M) if (ua - uw) > (ua - uw)b

(ua—uw)p

1 if (ua - uw) < (ua - uw)b

()
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where, (u; — Uy )y, is the air-entry suction for drying paths or the air-expulsion suction for
wetting paths.

3. VALIDATION

For the purpose of validation, bearing capacities obtained by the FELA analyses conducted
in this study are compared with the results of model footing tests available in literature. Rojas
et al. [15] conducted in-situ plate load tests in seven test pits on lean clay using a steel plate
with a diameter of 0.31m. In those tests, matric suction was measured by tensiometers that
are installed at depths of 0.1m, 0.3m, 0.6m and 0.9m below the model footing. These
experiments are modeled as axis-symmetric problems in OptumG2. The footing was modeled
as a weightless rigid element, whereas the soil obeys the Mohr-Columb yielding criterion.
The initial number of elements was 1000 which was eventually increased to 5000 using
adaptive meshing.

The boundary conditions utilized in this study align with what are commonly referred to as
“standard fixities”. Specifically, along the vertical boundaries of the domain, tangential
forces are released while normal forces exist. On the contrary, the bottom boundary permits
the presence of both tangential and normal forces. A multiplier distributed force was applied
at the surface of the foundation. Its magnitude was determined through an optimization
procedure. The resulting optimized distributed load represents the bearing capacity of the
foundation. Table 1 summarizes the geometrical dimensions and material properties used in
these analyses.

1000 - _e
~~ -
< -
800 L7 o °
oy
E
= ¢ Measured
(;),J e ower Bound
=
g = = Upper Bound
S

0

0 10 20 30 40 50 60 70
Suction (kPa)

Figure 1 - The measured bearing capacities together with upper-bound and lower bound
analysis results
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Table 1 - Details of bearing capacity test and material properties

Footing Diameter (m) 0.31
Footing Depth (m) 0
Air entry suction (kPa) 18
Angle of internal friction of soils (degrees) 26
Cohesion (kPa) 3
Dry unit weight of soil (kN/m?) 15.6

Bearing capacities obtained from lower-bound and upper bound limit analyses are compared
with the results of the model tests in Figure 1. Apparently, there is good agreement between
experimental results and numerical calculations since the measured test results are located
between lower and upper bounds as expected. Figure 2 shows a zoomed view of shear
dissipation as a typical example of the resulting failure mechanism in axisymmetric lower
bound finite element analyses.

Figure 2 - Shear dissipation contour in axisymmetric lower-bound analysis of validation
experiments

4. PARAMETRIC ANALYSIS

Once the method of analysis is validated, it is used for a parametric study of unsaturated
bearing capacity of shallow foundations. For this purpose, lower bound analyses are preferred
as the results obtained by lower-bound FELA are strictly lower bound and therefore safe. To
consider the influence of the differing suction profiles on the results, analyses are performed
for two different suction profiles. These are uniform and linear suction profiles and the
obtained results are presented in the following two sections.
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4.1. Uniform Suction Profile

In order to determine the effect of matric suction on bearing capacity, initially a uniform
suction profile is assumed for the zone of influence below the foundation (Figure 3a). A
parametric study was conducted with the assumed suction profile in which effective friction
angle (¢), cohesion (c¢") and xs are varied. The magnitudes of parameters used in the
parametric study are given in Table 2. View of a typical failure mechanism of strip foundation
overlain by refined mesh are shown in Figure 4.

Table 2 - The values of the parameters that are varied in the analyses

Parameter Values used in the analyses
¢’ (deg) 5°,10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°
¢’ (kPa) 0, 10, 20, 30, 40, 50, 75, 100
xSo (kPa) 0, 50,100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600
p (KN/m?) -5,4,-3,-2,-1,0,1,2,3,4,5,6,7,8,9, 10
B (m) 1,2,3,4,5

(@) «—»HB (b)

; XSo < 2o

! Uniform suction

: %S '/‘ﬂroﬁ\e
7 : XS:XSU
{depth)¥

Figure 3 - Suction (xs) profiles under a footing (a) uniform suction profile (b) linear
suction profile

Figure 4 - Failure pattern (total dissipation) in the case of ¢’=10, ¢’ =100 kPa, ys=50 kPa
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The concentration of present study on strip foundations stems from their widespread practical
use, particularly in scenarios where the problem can be simplified as a plain strain situation.
Additionally, it is important to note that many established bearing capacity equations for
saturated soils were originally developed specifically for strip foundations. These equations
were subsequently extended to encompass other foundation shapes like rectangular or
circular by incorporating shape correction factors.

For uniform suction profiles, Figure 5 presents the results of the parametric study in the form
of ys versus g, relationships for specific magnitudes of ¢’ and ¢'. It is observed that for
constant values of ¢’ and c', relationships between ys and g.; are linear. Moreover, it is
important to note that the slopes of these linear ys-g.; relationships are the same when ¢’ is
kept constant and is not affected by the magnitude of cohesion.

1000 -
a) ¢=5°
900 | @¢ P
~ 800 ——C=0
£ 700 = C=10kPa
% 600 —+—C=20KPa
3 500 | —x—C=30kPa
400
‘é" —»—C=40 kPa
g =0 —e—C=50 kP
2 200 s
e —+—C=75kPa
e N .. . . ——(=100kPa
0 200 400 600

_1600 | () =100

Bearing Cap

0 200 400 600 0 200 400 600
xs (kPa) xs (kPa)

Figure 5 - The variations of bearing capacity versus suction for a constant suction profile
and different combinations of ¢’and ¢’
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Figure 5 - The variations of bearing capacity versus suction for a constant suction profile
and different combinations of ¢’ and ¢’ (continue)

It is possible to separate g, into its components based on the source of contribution, as shown

in Eq. 8:

Quit = qo + qs

®)
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where ¢, is the bearing capacity when ys is zero and g is the contribution of matric suction
to bearing capacity. Then using the results of the parametric study, the magnitudes of ¢, (=
Quit — q,) are determined and plotted against their respective ys values in Figure 6. It is
observed in Figure 6 that g,-ys relationships for all magnitudes of ¢" are linear and they all
pass through the origin. In other words, the amount of cohesion has no effect on the
magnitude of g;.

80000 l
70000
~ 60000 é/g/
< 50000 = $=10
& s $=15
Z 40000 .$=§2
” X —
< 30000 - =30
20000 ¢=35
© ¢=40
10000 A h=45
0 <=

xs (kPa)

Figure 6 - The variation of q, with ys for different values of the friction angle for a soil
layer with constant ys profile

Table 3 - Slopes of the qs-ys lines(N,)at various friction angle values

¢’ N* Ny N, X tan ¢’
5 6.20 0.55 0.54
10 8.20 1.43 1.44
15 10.81 2.88 2.90
20 14.50 5.28 5.28
25 20.40 9.33 9.51
30 29.64 16.80 17.11
35 43.02 30.51 30.12
40 64.79 59.03 54.36
45 116.17 121.47 116.17
R?=0.999

* Computed through Lower Bound Finite Element Analysis in the current study

10
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The slopes of the g,-ys lines at different friction angle values (N;), as ascertained through
the performed parametric analysis, are detailed in Table 3. This table also includes the N,
values, which are also determined from the findings of the current research, albeit under
conditions of zero suction. The values of N, multiplied by tan¢ are also presented in the table.
It is evident from the table that the N, values closely align with the respective Nc x tand
values, exhibiting a high coefficient of determination (R? = 0.999).

Hence, N,s, which determines the contribution of ys to bearing capacity, can be expressed as
follows:

N,s = N, X tan ¢’ 9)
Clearly, qs can be computed using the formula provided in Eq. 10:
qs = xs N, tang’ (10)

Consequently, in the case of a constant suction profile, the bearing capacity can be
determined as:

Quie = [¢’ + xstan¢']N, + gN, + 0.5BYN, (11)

Clearly, the present research outcomes arising from a comprehensive array of parametric
analyses have yielded valuable insights. As expounded in the introduction, a notable gap
existed in the comprehensive understanding of adapting the bearing capacity equation to
account for the effects of suction. Previous researchers harbored varying viewpoints on which
specific bearing capacity term necessitated modification and how to implement adjustments
for suction. The present study bridges this gap and establishes that, for a consistent suction
profile, adjusting cohesion relative to suction proves sufficient.

Moreover, while certain researchers concentrated on the cohesion term and employed
specific tuning parameters tailored to individual materials, this approach significantly
curtailed their practical applicability and user-friendliness. However, the findings of the
present research indicate that no distinct tuning parameter is required. Instead, incorporating
s tand' into the effective cohesion (¢'), as delineated in Equation 11, proves to be satisfactory.
Thus, the most significant advantage of the proposed method lies in its simplicity: obtaining
an accurate measurement of ys stands as the sole prerequisite, negating the need to
incorporate adaptive strength parameters for unsaturated conditions.

4.2. Linear Suction Profile

A soil profile with linearly varying ys is assumed (Figure 3b) to consider the influence of a
variable suction profile on bearing capacity. Vo and Russell [25] found that when there is
infiltration or evaporation at ground surface, ys profile could be approximated by a linear
function within the zone of influence, and the errors associated with this approximation are
negligible. Accordingly, the value of ys at any depth can be calculated as follows:

11
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XS = XSo — pz (12)

where, sy is the value of ys at ground surface and p is the rate of decrease of ys with depth.
Positive p values signify a decline in soil suction as depth increases. This arises when the
groundwater level is beneath the surface and infiltration is absent. Conversely, negative p
values correspond to scenarios where the soil faces surface infiltration. Consequently, points
nearer to the surface exhibit lower suction compared to those at greater depths.

In order to assess the effect of suction variation on bearing capacity, numerous analyzes are
performed and bearing capacities for different magnitudes of p are determined (g,). These
are later compared with the bearing capacities measured in models with uniform suction
profiles (p=0) that have the same ¢ ~¢@~ysy combinations (gp-g). Then, the reduction in the
magnitude of bearing capacity due to the variability of the suction profile (dg) can be
expressed as follows:

89 =g, — qp=o (13)
° ¢=5

_ = ¢=10
o]

o) * =15
s x (=20
v = =25
o
T ° $=30

[Ze]

= (=35
a =40
2000 ° ¢:45

S5 4 3 -2 -1 0 1 2 3 4 5 6 7 8 9 10
p (KN/m?)

Figure 7 - Bearing capacity variations relative to ys gradient (p), (B=1 m)

Figure 7 illustrates the values of 8q (for the foundation width B=1 m) plotted against p for
various magnitudes of ¢, In addition to the data presented in Figure 7, further analyses were
conducted, and while these analyses yield consistent trends, they are omitted here to prevent
overcrowding. Evidently, the relationship between 6q and p can be accurately described by
a linear function with a zero intercept where the slope depends on the value of ¢ To
investigate the influences of cohesion and ys, on the gradient of the parametric relationship
between 8q and p, a series of analyses were conducted. As illustrative instances, Figures 8
and 9 are presented. Upon observing Figure 8, it becomes evident that the cohesion value

12



Ali Reza BAGHERIEH, Ozer CINICIOGLU

does not exert any discernible impact on the gradient of 6q — p. Similarly, Figure 9
underscores the consistent nature of the gradient across various values of ys,. Consequently,

it can be deduced that the slope of 8q — p remains unaffected by both cohesion and
XSo values.

p (kN/m?)
8 10
0 mc=0
-0 -c=10 kPa
E -100
e~ X =20 kPa
~-150
ﬁ; +c¢=30 kPa
o -200
= v | A c=50 kPa
[
o -250
3 ] ecT5kPa
-300 .
@ c=100 kPa
-350

Figure § - Sensitivity analysis of the effect of cohesion value on o6q — p relationship
( §=35° yso=50 kPa, B=1 m)

p (KN/m?%)
0 2 4 8 10
O \
50 N X * % s0=50 kPa
’ \
-100 1 L B sy s0=75 kPa

o (kPa)
/

A
1-150 x N, = 5 s0=100 kPa
7 N
o =
T -200 N X 50=150 kPa
2 S
[ |}
250 - N * % $0=200 kPa
X

PaS
-300

Figure 9 - Sensitivity analysis of the effect of yso on dq — p relationship ( $’=35°, ¢=100
kPa, B=1 m)

13



Bearing Capacity Equation for Shallow Foundations on Unsaturated Soils

Figure 10 - The changes in bearing capacity (0q) versus the gradient of xs (p) for different

14

=
~y
=
g
= *
il 4000 + iy
S Q _a'l
-6000 1 0
e."
-8000 + o
10 -5 0 5 10
p (KN/m?)
(a) ¢'=45°

5
=
L
F
=
I
53
-10 5 0 5 10 15
p (kN/m?)
(b) $=30°
Q-
f.ii_ 20
ok
z -.ﬁ..;s_,:
=) ' i"!ﬁ'z!- ry '
i "E:_‘:;!-., l'-“l-l-..
1 204 AT
7 i S
7 ‘Bgh. Te
= @ x.
I -40 5@ A,
2 Qe A
o,
-60 0.2
o}
-10 -5 0 5 10
p (kKN/m?)
(© ¢=15°

WB=1 =45
®B=2 =45
AB=3 §=45
®B-4 =45
OB=5 ¢=45

WB-1 ¢=30
#B=2 =30
AB=3¢=30
®B=4 ¢=30

OB=5 =30

HB=1¢=15
®B=2¢=15
AB=3 ¢=15
®B=4 ¢=15
OB=5 ¢=15

Sfoundation widths (a) ¢'=45° (b) ¢"=30° (c) ¢p*=15°



Ali Reza BAGHERIEH, Ozer CINICIOGLU

1000
rié“ R2:0986 mB=] =45
g & ®B=2 ¢=45
a -500 +
z +B=3 ¢=45
-1000 4
B=4 =45
-1500 4 = +‘¥ ®B=5 §=45
[ ]
10 5 0 5 10 s
p (KN/m?)
(a) ¢'=45°
50 4
2:
- R 0.9?3 mB-1 6-30
E
o ol ®B=2 ¢=30
%_ +B=3 ¢=30
-100 +
B=4 =30
-150 +
#B=5 $=30
-10 5 0 5 10 15
p (KN/m?)
(b) ¢’=30°
m S5
2—
R 0.9’92 | mB1 415
- - " }
£ ®B=2¢=15
£ 5
- -\ Y. +B=3 ¢=15
(=2
“ -10 1 ’ B=4 ¢=15
‘%‘“
el 5 *B=5¢=15
-10 -5 0 5 10 15
p (KN/m?)
(c) §'=15°

Figure 11 - The changes in normalized bearing capacity (%) versus p for different

SJoundation widths a) $’=45° (b) $*=30° (c) ¢p=15°

15



Bearing Capacity Equation for Shallow Foundations on Unsaturated Soils

To evaluate the impact of the footing width (B) on the relationship between 6q and p,
supplementary analyses were conducted for varying B values. Figure 10 presents the
correlations between 6q and p across different B values. This figure highlights that an
increase in the foundation width (B) leads to an augmentation in the slope of the 8q — p
relationship. Consequently, when dealing with foundations situated in areas with varying
suction profiles in depth, the width of the foundation becomes a significant factor in
influencing the contribution of matric suction to bearing capacity. As a result, it is imperative
to incorporate foundation width into relevant formulations.

However, when the values of 8q are divided by the foundation width (6q / B) and plotted
against p, a notable observation can be made, as depicted in Figure 11. Across a constant ¢
value, all data points become normalized and coalesce along a singular line. This signifies
that the slope of the 5q/B — p relationship remains consistent for a specific ¢ value, which is
denoted as Np. Consequently, it can be formulated as follows:

d

|°°|n

Ny (9" = (14)

P
Consequently, if N,(¢) values corresponding to the friction angle (¢) are accessible, it
becomes possible to calculate the impact of a varying suction profile on the bearing capacity
(8q) using the equation:

8q = pB Ny(¢") (15)
¢’ (deg)
0 10 20 30 40 50
e O & 0 ¢ rS
L
]
-50
]
Np -100
@ FELA results
Eq. 16
-150 ®

-200

Figure 12 - The values of N, versus ¢’
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The symbolic regression technique was used to develop an empirical relation for N, as:
N, = N,(¢") = tang’ x (1 — 1.86e“*+tn¢0) (16)

The comparison of values of N,, obtained by LBFE analyses and calculated using Eq. 16 are
shown in Figure 12.

The bearing capacity equation for a shallow continuous foundation resting on an unsaturated
soil profile becomes:

Guie = [¢" + xstan@'IN, + pB N, + qN, + 0.5ByN,, (17)

5. CONCLUSIONS

The principle of effective stress together with FELA was used to parametrically investigate
the influence of different suction profiles on bearing capacity shallow strip footings. The
effectiveness of the employed numerical analysis was evaluated by comparing the obtained
results with existing experimental data, revealing a notable concurrence.

A comprehensive parametric analysis was conducted by varying factors such as friction
angle, cohesion, suction, rate of suction change with depth, and foundation width. The
outcomes of these parameter variations indicated that cohesion does not impact the extent of
increase in bearing capacity caused by suction. Instead, the primary influencing factor is the
friction angle. Enhancing the friction angle leads to an amplified contribution of suction to
the bearing capacity.

The research discovered that the augmentation in bearing capacity due to suction can be
incorporated by modifying the conventional bearing capacity equations to consider the
attributes of the suction distribution. The findings demonstrated that the influence of suction
can be predicted by adjusting the cohesion term with respect to suction in the bearing capacity
equation. This approach enables a highly accurate prediction of the bearing capacity. For
linear suction profiles, the significant factors are the rate of suction variation with depth,
friction angle, and foundation width. The equation proposed in this study effectively predicts
the contribution of variable suction profiles on bearing capacity.

Although Khalili and Khabaz [32] relationship is preferred by the authors and used to
determine the effective stress parameter (y) to validate the numerical analyses, the method
proposed in this study for calculating the bearing capacity of unsaturated soils is independent
of how effective stress parameter is calculated.

Contrary to earlier equations presented so far, the proposed extended equation does not need
additional calibration and soil specific material parameters. Therefore, the proposed method
is practical and can be used for calculating bearing capacity of shallow footings resting on
unsaturated soils provided that the distributions of suction and effective stress parameter are
known.

A notable aspect of the proposed method is its reliance on effective stress parameters,
allowing the continued applicability of saturated strength parameters. This characteristic

17
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underscores the practical simplicity of the method, as it obviates the need for measuring
separate strength parameters in unsaturated conditions, making its application notably
straightforward.
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ABSTRACT

The Sille stone mined in the Sille Region of Konya province in Turkiye, is an andesitic rock.
This stone is a material used in the construction of traditional and modern buildings. The
Sille stone is cut for use in buildings. The Sille stone powder (SSP) is formed during this
cutting process. The SSPs cause environmental pollution. This study was carried out to
produce durable and eco-friendly new restoration mortars from the SSP that can be used in
the restoration of historical buildings. The SSP composites were prepared by contributing
SSP into epoxy and polyester resins in varied ratios such as 60—75 wt.%. The effect of resin
types and SSP contribution ratios on the elastic properties of epoxy resin (ER)/SSP and
polyester resin (PR)/SSP composites was investigated by the ultrasonic pulse-echo method.
Additionally, the morphology of these composites was investigated by scanning electron
microscopy (SEM). Experimental results indicated that both the longitudinal and shear wave
velocity values of the PR/SSP composites were higher than those of the ER/SSP composites.
Furthermore, a linear increase in the elastic properties of the obtained composites was
observed with increasing amounts of SSP.
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1. INTRODUCTION

Polymers have been preferred over traditional materials due to their application in various
fields. In the preference for polymers over traditional materials; the fact that they can be
processed, have high strength, and are economical has been effective [1]. Additionally, the
many properties of materials could be improved by adding fillers into polymer resins such as
polyester, vinyl ester, and epoxy. Fillers provide volume to the material, reduce cost, and
provide aesthetic properties [2]. Composite materials developed with polymer resins have
been used in different fields such as aviation, maritime, automobile industries, and
construction sectors. Nowadays, the potential of polymer materials has been recognized in
the construction industry for the reinforcement of structures and their use as repair materials
[3]. For example, by mixing polymer resins with concrete, high-performance concrete and
modified mortars with high tensile strength, compressive strength, and corrosion protection
have been developed [4, 5]. Polymer-modified mortars are used as repair materials in the
construction industry and public works because they have a longer life, provide good
insulation against moisture on the wall, have good adhesion properties, and are resistant to
the negative effects of the environment [6]. Since the aggregates used in mortars affect the
durability of the mortar, the demand for aggregates is increasing with the rapid development
of the construction industry. The inadequacy of aggregates such as river sand used in
buildings in the construction sector also damages the natural environment of the land in
aggregate mining. For this reason, recycled aggregates from waste materials have had an
important place in meeting the increasing demand for aggregates in the construction industry
[7]. The use of waste materials in the development of new materials allows both to protect
the environment and to produce more economical materials. Therefore, recycling waste
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materials contributes to the reduction of environmental pollution caused by the construction
industry to the whole world and to sustainable development. Also, using the waste materials
in polymer mortars helps improve the many properties of materials [8-11].

Sille stone is mined in the Sille region of Konya in Turkey. Sille stone is known as "Sulutas
Volcanic". However, this stone contains dacite, rhyodacite, and andesite [12]. The stones in
the Sille region are gray, brown, and pink [13, 14]. The different colors and high strength of
this stone are used in the construction of buildings in and around Konya and the restoration
of historical buildings. However, for this stone to be used in buildings, it must be cut to
certain dimensions. In Sille quarries, stones are cut into blocks with different methods. These
stones, processed for decorative purposes, are made economically valuable. However, a large
amount of stone powder is formed during the cutting process of Sille stones. The use of Sille
stone powder, which is formed during the cutting of the stone, as a repair mortar in the repair
and strengthening of structures is important both in terms of environmental protection and
economically.

The durability of building materials affects the lifetime of the buildings. Deteriorations and
damage occur due to external effects such as corrosion, humidity, and earthquakes during the
usage period of the buildings. The material used in the construction of the structures is
important in providing resistance to these external effects. The use of polymers in the
construction industry has become increasingly common recent years. Epoxy and polyester
resins draw attention due to their good mechanical properties, low viscosity, and fast curing
[15, 16]. Therefore, many epoxy and polyester resin-based composites have been extensively
studied in engineering applications recently [15-21].

One of the most common non-destructive testing methods used to determine the material’s
properties is the ultrasonic testing (UT) technique [22, 23]. One of the most important
advantages of the UT method is the non-destructive determination of the width of the cracks
formed by the wear of the materials, the location of the cracks, and the compressive strength
of the materials. Thus, the UT method has proven useful in determining the structural
behavior, microstructure, and mechanical properties of polymer composites [24-26]. UT
method is used to evaluate composites’ elastic properties and microstructures [27]. For
example, it has been used to estimate the strength of rock [28], concrete [29], brick [30], and
steel [31] by the UT method. Also, the UT method enables the determination of the defects
and damaged areas of the composite materials as well [32]. For instance, Sun and Zhu [33],
used the UT technique to detect internal defects of steel plates in thick concrete walls. They
determined that the UT technique can be used to evaluate the early and late age conditions of
three connecting rods with different bonding conditions in concrete. Additionally, the UT
method has been used to determine the mechanical properties of composite mortars used in
historical and ancient buildings as well [34-38]. For example, in the study conducted by
Branco et al. [35], the binding properties of lime mortars, masonry structures, and wall
coverings in historical buildings were investigated. In addition, the compressive and flexural
strengths and ultrasonic velocities of the mortars were also measured. Since it is not possible
to take core samples from historical buildings, the mechanical properties of the materials
used in the repair of historical buildings should be known. Therefore, it is extremely
important to determine the mechanical properties of the materials used in the repair of
historical buildings with the UT method [22, 39]. In the literature, many studies have been
published on the use of the stone, such as the mechanical properties of Sille stone [40-42],
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the effect of salt crystallization on historical buildings and monuments [43], the effects of the
freeze-thaw (F-T) cycle of rocks [44], the sulfate effect of building stones [45], on the use of
stone in floor tiles [46] and the physicochemical properties of heat-treated Sille stone [47].
However, the development of repair mortar to be used in the repair of Sille stone structures
and cultural assets in Konya has not been mentioned in the literature. Moreover, as far as we
know, no studies have been conducted on the use of Sille stone powder (SSP) with epoxy
and polyester resins and the ultrasonic characterization of the epoxy resin (ER)/SSP and
polyester resin (PR)/SSP composites. Therefore, this study was carried out to produce
durable and environmentally friendly new restoration mortars from SSP that can be used in
the restoration of traditional structures (for example: houses, mansions, etc.) built with Sille
stone in Konya and determine the elastic properties of these composite mortars by the UT
method. Moreover, this study was conducted to reduce the cost of raw materials in the
preparation of mortars and evaluate the waste products generated during the processing of
natural stones.

2. MATERIALS AND METHODS
2.1. Materials

Commercial bisphenol-A type epoxy resin (BRTR Kimya A.S., Turkiye), and polyester resin
containing 0.2% by weight of Cobalt octoate 6% accelerator (Kompozit Pazari, Turkiye)
were used to produce composite materials in the study. Cycloaliphatic polyamine (BRTR
Kimya A.S., Turkiye) and methyl ethyl ketone peroxide (MEK-P) (Kompozit Pazari,
Turkiye) were used as hardeners. The properties of epoxy resin, polyester resin, and SSP used
in this research are given in Table 1. In addition, Sille stone powder (SSP), which was used
as a filling material in the study, was obtained from the quarry in the Sille region (Konya,
Turkiye). The chemical content of the SSP is given in Table 2.

Table 1 - Some features of matrix systems and SSP used in this research [40, 48-50].

Used Materials Features of Matrices and SSP
Color and appearance : Transparent and Glossy
Density (g.cm™ at 25°C) :1.10
Epoxy resin (ER) Mixing Ratio :5/3
Mixture Life at 25°C :30
(Minutes)
Drying Time at 25°C (Hours)  : 12
Color : Yellowish
Density (g.cm? at 20 °C) :1.12-1.14
Viscosity (cps, at 20 °C) 1550 -650
Polyester resin (PR) L .
Gelation time (Minutes) :4-8
Exothermic warming (°C) : 160 —200
Boiling point (°C) :145.2°C
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Table 1 - Some features of matrix systems and SSP used in this research [40, 48-50].

(continue)
Color : Pink
Density (g.cm? at 20 °C) :2.26-2.35
(Ssllsl;;tone powder Water absorption (%, at 23°C) :3.9
Melting point(°C) 2000
Fineness (um) 1< 150
Table 2 - Chemical content of the SSP.
Content
of the Si0, ALO; KO NaO MgO CaO Fe0; TiO,  ZrOs
SSp

% 66.67 13.24 4.11 4.94 1.09 5.07 3.66 0.52 0.39

2.2. Preparation of the ER/SSP, and the PR/SSP Composites

Within the scope of this research, two types of composite series were produced. For the first
type of composite series, a cycloaliphatic polyamine hardener was added to the neat ER at a
ratio of 5:3 by weight to obtain a hardened neat ER sample. Then, the SSP was added to neat
ER in 75, 70, 65, and 60 wt.% ratios. Each mixture of the ER/SSP obtained was mixed for 3

Figure 1 - Production stage of composite mortars.
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minutes, and after that, cycloaliphatic polyamine hardener was added to each of the ER/SSP
mixtures at a ratio of 5:3 by weight. Finally, each of the ER/SSP composite mortar mixtures
obtained was mixed for 3 minutes as well. For the second type of composite series, a methyl
ethyl ketone peroxide hardener was added to the polyester resin containing cobalt octoate
accelerator in 1.5 % by weight and mixed for 3 minutes to obtain the hardened neat PR
sample. The SSP has added to neat PR in 75, 70, 65, and 60 wt. % ratios for obtaining the
PR/SSP composite mortars. Then each mixture of the PR/SSP obtained was mixed for 3
minutes. Then, methyl ethyl ketone peroxide hardener was added to each of the PR/SSP
composite mortar mixtures at 1.5% by weight and mixed for 3 minutes as well (Figure 1 and
Table 3). The ER/SSP and PR/SSP composite mortar mixtures were poured into 20x20x20
mm molds made of polymethyl methacrylate (PMMA) by ASTM D638-14[51] standard,
using the traditional hand lay-up process. Finally, all the obtained composite mortars were
dried at 25+1°C for 24 hours. After completing the mechanical strength of the composite
mortars in 7 days, ultrasonic measurements of the samples were carried out. However, unlike
the ER/SSP composites, when the PR and SSP were mixed at a ratio of 25:75 by weight, it
was observed that a suitable structure was not formed between them.

Table 3 - The abbreviations and ingredients of composite mortars.

Composite mortars’ abbreviations Combination ratio of resin type/SSP

ER 100:0
ER/SSP-1 40:60
ER/SSP-2 35:65
ER/SSP-3 30:70
ER/SSP-4 25:75

PR 100:0
PR/SSP-1 40:60
PR/SSP-2 35:65
PR/SSP-3 30:70

2.3. Density and Ultrasonic Wave Velocity Measurements

Density measurements were carried out by an analytical balance (Radwag AS220/C/2,
capacity 220 g, readability 0.1 mg, Poland) and a density kit (Radwag 220, Poland) at room
temperature (25°C).

Ultrasonic wave velocity measurements of composite samples were carried out by ultrasonic
pulse-echo method using the flaw detector given in Figure 2a (Epoch-XT-Panametrics
Olympus).

Before measuring the ultrasonic velocities of the composite samples, the thicknesses of the
samples were measured using an analog micrometer (Somet, Czechoslovakia).

26



Ahmet Cihat ARI, Mustafa TOSUN, Imran ORAL, Yasin Ramazan EKER

Figure 2 - a: Tools used for density and ultrasonic wave velocity measurements, b: A-scan
signals of back wall echoes.

The appropriate frequency was determined as 5 MHz for both longitudinal and shear wave
velocity measurements. Therefore, both the longitudinal wave velocity and shear wave
velocity measurements were carried out at 5 MHz frequencies. Longitudinal wave velocity
measurements were carried out using a longitudinal mode transducer (5 MHz, V116-
Panametrics Olympus, USA), while shear wave velocity measurements were carried out
using a shear mode transducer (V155-Panametrics Olympus, USA). At the interface between
two environments with different acoustic impedances, most of the energy of the sound waves
coming from the first environment is reflected before they pass to the second environment
due to the impedance difference. In this case, clear peaks cannot be obtained on the
oscilloscope screen since the sound wave energy coming back from the second environment
is very low. This not only makes ultrasonic measurement difficult but also prevents sensitive
measurements from being taken. Thus, coupling fluids are used as impedance matches [52].
The coupling fluids used nowadays can pass only 10-15% of the sound wave energy sent
from the first medium to the second medium. Glycerin is one of the best coupling fluids, and
it can pass up to 15% of the sound wave energy coming into it to the second medium [53].
Therefore, glycerin (BQ-Panametrics Olympus, USA) and shear wave coupling (SWC-
Panametrics Olympus, USA) were used in ultrasonic longitudinal and shear wave
measurements, respectively. Additionally, a constant force was applied to the ultrasonic
transducer to have a stable layer at the interface of the sample. Ultrasonic wave velocity
measurements were repeated 10 times to ensure the accuracy of the results.

During the ultrasonic longitudinal and shear wave velocities measurements, errors such as
micro voids in the examined material can be detected by the extra peaks appearing between
the peaks of two consecutive back wall echoes. Normally, in the ultrasonic pulse-echo
method, the time (4¢) between two consecutive back wall echoes (for example, the 1% and
2nd, 274 and 3 or 3™ and 4% back wall echoes) is determined on the oscilloscope screen
(Figure 2b). Ultrasonic waves pass through the material thickness twice in the time between
two consecutive back wall echoes in the ultrasonic pulse-echo method. The velocity is
measured by substituting these obtained values into Equation (1) below. Meanwhile, in this
research, velocity measurements were carried out at points that did not give error peaks
between back wall echoes as much as possible.
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2Ad
V=— (D
At
where V, Ad, and At are the velocity of sound, the thickness of the sample, and the time-of-
flight between subsequent backwall signals on the oscilloscope, respectively.

2.4. Determination of Elastic Constants

The elastic modulus is related to the interatomic forces. Therefore, the elastic modulus of the
materials expresses the maximum strength that can be achieved. There is a direct
mathematical relationship between the elastic modulus, ultrasonic longitudinal, and shear
wave velocities [54]. The elastic properties of composites obtained were determined using
Equations (2-8) which are used for isotropic composite materials [55].

L=pV}? 2)
G=pVy 3)
k=1-2¢ @)
3

_L-2G .
H 2(1-G) ©)
E=2G(1+p) (6)
H:(1-2,u)E -

6(1+,u)

Z=pl, ®)

Where p, V1, V, L, G, K, E, i, H, and Z are the density, longitudinal wave velocity, shear
wave velocity, longitudinal modulus, shear modulus, bulk modulus, Young’s modulus,
Poisson’s ratio, ultrasonic micro-hardness, and the characteristic acoustic impedance of
composites samples, respectively.

3. RESULTS AND DISCUSSIONS

The ultrasonic testing technique is widely used in the construction industry, as it provides a
non-destructive evaluation of the changes in the microstructure of various materials, the
locations of damages, and their mechanical properties [56]. Particularly in the construction
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industry, in the characterization of building materials, the ultrasonic testing technique gives
reliable results in the evaluation of mechanical properties without damaging the material
compared to destructive methods. For example, many studies have been conducted in the
characterization of traditional materials such as wood [57], stone [58], and brick [59] and in
the characterization of today's materials such as cement mortars [60], concrete [61] and steel
[62] using UT methods. Ultrasonic studies on SSP and polymer material are insufficient in
the literature. Therefore, the elastic properties of ER/SSP and PR/SSP composite mortars
were determined using the ultrasonic pulse-echo method. The experimental results were
given in Tables (4-6) and plotted in Figures (3-10).

3.1. Morphological Results

SEM micrographs of the ER/SSP and PR/SSP composites and the morphology of the
composites are shown in Figure 3 and Figure 4. As shown in Figures 3 and 4, SSP particles

Neat ER  Mag=1 K X 5

I 50 pm i

s
_clusters o N

ER/SSP-4 Mag=1 KXI 50 pm I

Figure 3 - SEM images of the ER/SSP composites (Magnification of 1.00 K X, 50 um).
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are homogeneously dispersed in the ER and PR matrix. However, lumps occur in composite
samples due to the increase in the amount of SSP filler. As stated in studies in the literature,
polyester, and epoxy resins have a glassy, brittle, and smooth surface. Therefore, the addition
of SSP fillers to the polymer matrix enables the composite to form rough surfaces and the
material to have a more durable structure.

Neat PR Mag=1 KX 50 pm PR/SSP-1 Mag=1 KX

"

50 pm
———

! / ci‘usters
S A

voids and holes

PR/SSP-3 Mag=1KX 50 pum PR/SSP-3 Mag=1 KX

— e

Figure 4 - SEM images of the PR/SSP composites (Magnification of 1.00 K X, 50 um).

In the ER/SSP-2 and PR/SSP-2 composites, SSP particles agglomerate when interacting with
the matrix, these composites do not form a good bond with the polymer matrix. Additionally,
in all composites, the number of voids and holes in the material increases due to the increase
in the amount of SSP filler.

In the ER/SSP-4 and PR/SSP-3 composites, it is seen that there is a better adhesion in the
composites with the homogeneous distribution of the SSP particles with the matrix (See
Figures 3 and 4).

3.2. Densities and Ultrasonic Wave Velocities

As can be seen in Table 4 and Figure 5, the density values of the ER/SSP and PR/SSP
composites ranged from 1607.12 to 1757.16 kg.m3, and 1784.24 to 1873.24 kg.m?,
respectively.

The density values measured for obtained the ER/SSP and PR/SSP composite mortars are in
good agreement with related literature [36, 38, 63]. For example, Aggelakopoulou et al. [63]
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produced restoration mortars to be used on historical walls by mixing metakaolin and
hydrated lime with sand, and the density values of the restoration mortars they obtained were
measured between 1850-1900 kg.m™. The density values of all the ER/SSP and PR/SSP
composites are found higher than the density values of neat ER and PR, respectively.
Additionally, the highest density value among all composite mortars was determined as
1873.24 kg.m™ for the PR/SSP-3 sample. When PR/SSP and ER/SSP composites were
compared, it was determined that PR/SSP composites had higher densities than ER/SSP
composites. As a result, the density values of ER/SSP and PR/SSP composites increase
linearly with the addition of SSP.

Table 4 - Density (p) and ultrasonic wave velocities (Vi and Vs) values of materials
obtained in this research.

Composition
Samples’ ID ratio p (kg.m?) Vi, (m.s™) Vs (m.s™?)
(wt.%)

ER 100:0 1109.84+7.59  2360.80+12.04 991.20+7.99
ER/SSP-1 40:60 1607.1245.22  2692.20+8.73 1381.00+5.48
ER/SSP-2 35:65 1653.72+11.08 2666.20+4.12 1448.00+£5.87
ER/SSP-3 30:70 1742.32423.47 2858.80+64.53 1564.80+8.38
ER/SSP-4 25:75 1757.16£7.98  2907.40+88.20 1610.20+£13.42

PR 100:0 1216.32+8.34  2743.40+£38.19 1303.60+£21.08
PR/SSP-1 40:60 1784.24+£5.90  3078.00+9.80 1698.60+3.14
PR/SSP-2 35:65 1843.16+4.87  3012.40+13.16 1815.60+£19.62
PR/SSP-3 30:70 1873.2449.57  3081.60+45.92 1909.20+£29.29

According to the results given in Table 4 and Figure 6, both ultrasonic longitudinal and shear
wave velocities of the composites are higher than that of ER. The longitudinal wave velocity
values of the ER/SSP composites vary between 2666.20 and 2907.40 m.s™! while the shear
wave velocity values vary between 1381.00 and 1610.20 m.s™'. The longitudinal ultrasonic
wave velocity value of all ER/SSP was increased with the addition of SSP compared to neat
ER. However, as can be seen from Table 4 and Figure 6, when the amount of SSP was
increased from 60% to 65% by weight, the longitudinal wave velocity in ER/SSP-2 was
decreased compared to the longitudinal wave value of ER/SSP-1. The uneven distribution of
the micro-filler causes the scattering that increases the transition time of longitudinal waves
passing through the composite sample [64]. Thus, the decrease in the velocity of longitudinal
ultrasonic waves for the ER/SSP-2 composite can be attributed to this agglomeration. On the
other hand, it was determined that the longitudinal wave velocity values of the ER/SSP
composite mortars increased about 12.96-23.17 % compared to neat ER.
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Figure 5 - Variation in densities of the ER/SSP and PR/SSP composites depending on the
SSP amount.
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Figure 6 - Variation in ultrasonic wave velocities (Vi and Vs) of the ER/SSP and PR/SSP
composites depending on the SSP amount.
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Like longitudinal wave velocity values obtained for the ER/SSP composites, a linear increase
in shear wave velocity was observed with the increasing amount of SSP in the ER/SSP
composites. It was determined that the shear wave velocity values of the ER/SSP composite
mortars increased by about 39.35-62.46 % compared to neat ER. This result shows that the
contribution of SSP to neat ER increases the shear wave velocity values much more than the
longitudinal wave velocity values. Since longitudinal wave velocity values are related to
covalent bonds and shear wave velocity values are related to transverse interactions such as
Van der Waals, these data show that the contribution of SSP to neat ER creates strong
transverse bonds [65]. The higher shear wave values indicate that the outer electron clouds
of adjacent atoms of the epoxy resin and SSP are quite close to each other.

Similar behavior of longitudinal ultrasonic wave velocity value of the ER/SSP composites
was observed for the PR/SSP composites. The longitudinal wave velocity values of the
PR/SSP composites vary between 3012.40 and 3081.60 m.s™!, while the shear wave velocity
values vary between 1698.60 and 1909.20 m.s™!. The longitudinal wave velocity values of all
PR/SSP composites were higher than those of neat PR. On the other hand, it was determined
that the longitudinal wave velocity values of the PR/SSP composite mortars increased by
about 9.81-12.32 % compared to neat PR. Also, a linear increase was observed in the shear
wave velocity values of the PR/SSP composites with the increasing amount of SSP (see Table
4; Figure 6). The shear wave velocity values of the PR/SSP composite mortars increased by
about 30.31 to 45.51% compared to neat PR. This significant increase in shear wave velocity
values of the PR/SSP composites shows the effect of SSP on the shear wave velocity values
of the PR/SSP composites.

The longitudinal wave velocity values measured for different kinds of composite mortars
have been determined in the range of 800 m.s! to 3400 m.s™!' [34-36, 66, 67]. For example,
Gupta and Vyas [68] prepared mortar mixtures (6FS, 6CS-30 and 6CS-40) using granite
powder (GP), coarse river sand (CS) and fine river sand (FS) and various properties of
obtained mortars were examined both by mechanical tests and ultrasonic velocity
measurements. In the research conducted by Gupta and Vyas [68], it was determined that the
ultrasonic velocity values of 6CS-30 and 6CS-40 mortars were 13% and 27% higher,
respectively, than the control mortar (FS). The reason for this difference was shown to be
that granite powders have better packaging properties than the control mortar. Thus, the
measured values of ultrasonic longitudinal wave velocity are in good agreement with the
related literature. To our knowledge, there is no study that measured the ultrasonic shear
wave velocity of composite mortars in the related literature. In this consideration, the
determination of the shear wave velocity values of the ER/SSP and PR/SSP composite
mortars for the first time is quite important for the literature.

3.3. Elastic Modulus of the ER/SSP and PR/SSP Composites

The elastic properties of ER and PR at different amounts of SSP were calculated using the
equations (2, 3, 4, and 6) by the measured density and ultrasonic velocity values. The results
obtained are given in Table 5 and Figures 7-8.

The L, G, K, and E values of the neat ER were determined as 6.19 GPa, 1.09 GPa, 4.73 GPa,
and 3.04 GPa, respectively. On the other hand, all values of the L, G, K, and E of the ER/SSP
composites were determined bigger than those of the neat ER. The L, G, K, and E values of
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the ER/SSP composites were determined between 11.65 and 14.87 GPa, 3.07 and 4.56 GPa,
7.56 and 8.79 GPa, and 8.10 and 11.64 GPa, respectively. Also, compared to the L, G, K, and
E values of the neat ER, the L, G, K, and E values of the ER/SSP composite mortars increased
about 88.21-140.23%, 181.65-318.35%, 50.74-85.84 %, and 166.45-282.89 %, respectively.

Table 5 - The elastic properties of materials obtained in this research.

Samples’ ID L(GPa) G(GPa) K(GPa) E(GPa)
ER 06.19+0.06 1.09+0.01 4.734£0.05 3.04+0.04
ER/SSP-1 11.65+0.11 3.07+0.03 7.56+£0.10 8.10+£0.07
ER/SSP-2 11.76+0.06 3.47+0.02 7.13+0.06 8.95+0.04
ER/SSP-3 14.24+0.63 4.27+0.07 8.56+0.57 10.97+0.23
ER/SSP-4 14.87+0.94 4.56+0.09 8.79+0.88 11.64+0.30
PR 09.16+0.30 2.074+0.08 6.40+0.20 5.60+0.21
PR/SSP-1 16.90+0.09 5.15+0.03 10.04+0.12 13.19+0.06
PR/SSP-2 16.73£0.19 6.08+0.14 8.62+0.19 14.76+0.24
PR/SSP-3 17.79+0.50 6.83+0.19 8.69+0.31 16.23+0.43
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Figure 7 - L, G modulus values of the ER/SSP and PR/SSP composites depending on the
SSP amount.
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The L, G, K, and E values of the neat PR were determined as 9.16 GPa, 2.07 GPa, 6.40 GPa,
and 5.60 GPa, respectively. On the other hand, all values of the L, G, K, and E of the PR/SSP
composites were determined bigger than those of the neat PR as well. The L, G, K, and E
values of the PR/SSP composites were determined between 16.90 and 17.79 GPa, 5.15 and
6.83 GPa, 8.62 and 10.04 GPa, and 13.19 and 16.23 GPa, respectively. Also, compared to
the L, G, K, and E values of the neat PR, the L, G, K, and E values of the PR/SSP composite
mortars increased about 84.50 to 94.21%, 148.79 to 229.95%, 34.69 to 56.88%, and 135.54
t0189.82%, respectively.
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Figure 8 - K, E modulus values of the ER/SSP and PR/SSP composites depending on the
SSP amount.

When the literature on restoration mortars is examined, it is seen that there are some studies
that measured the ultrasonic longitudinal velocity to determine the durability of produced
mortars[34-36, 66, 67]. For instance, Gupta and Vyas [68] determined that the dynamic
elasticity modulus of mortars (CS-30 and CS-40) obtained with granite powder and coarse
river sand at 1:4 ratios using ultrasonic velocity values and they reported an increase about
29% and 64% in the dynamic elasticity modulus of mortars, respectively, compared to the
control mortar (FS). Wu, Liu, Sun and Zhang [69] added peach shell (PS) and apricot shell
(AS) to concrete instead of normal weight aggregate (NWA) and sand to obtain
environmentally friendly concrete. As a result of the research, it was determined that the
elasticity modulus (10.91 GPa to 15.93 GPa) of concretes obtained with PS and AS additives
were lower than those of NWA concretes. The low elastic modulus values of the new
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concretes are attributed to the fact that the hardness of PS and AS is lower than that of NWA.
Also, it is seen that the mechanical properties of the mortars were generally realized by
destructive methods such as tensile and compression tests as well [36-38, 63, 70-74]. The
elastic modulus values of these restoration mortars measured by mechanical methods are
between 0.3 and 18.2 GPa. It is seen that the highest elastic modulus values were determined
for the cement-based restoration mortars.

The ratio of fillers in the matrix is effective on the mechanical properties of the composites.
The durability of the composites increases with the increasing amount of fillers in the matrix
at a certain rate. When the ratio of fillers in the matrix exceeds this certain ratio, the
mechanical properties of the composites decrease. Because the increase in the amount of
filler after a certain ratio causes the interfacial area that weakens the strength of the composite
[75]. Also, adding more than a certain amount of filler to the matrix of a composite decreases
the mechanical properties of composites due to agglomeration in the composite [76, 77]. On
the other hand, studies show that as the fineness of the aggregate increases, the bond between
brick and mortar weakens [78], and therefore the mortar prepared with coarse sand will have
greater tensile strength than the mortar prepared with fine sand. It has been reported that the
tensile bond strength between brick and mortar decreases as fineness of aggregate increases
[79].

3.4. Poisson's Ratio, Ultrasonic Micro-Hardness, and Acoustic Impedance

In this part of the research, Poisson's ratio (i), ultrasonic micro-hardness (H), and acoustic
impedance (Z) values of the neat ER, ER/SSP, neat PR, and PR/SSP composites were
calculated using Equations (5, 7, and 8). The results obtained are given in Table 6, and
Figures 9-10. As seen in Table 6 and Figure 9, the Poisson’s ratio values of the neat ER and
PR were measured as 0.393 and 0.354, respectively. Additionally, the Poisson ratio values
of the ER/SSP and PR/SSP composites were obtained from 0.278 to 0.321, and 0.188 to
0.281, respectively.

Table 6 - Poisson's ratio (1), ultrasonic micro-hardness (H), and acoustic impedance (Z)
values of materials obtained in this research.

Samples’ ID n H (GPa) Z. (MRayl)

ER 0.393+0.001 0.15£0.00 2.62+0.02
ER/SSP-1 0.321+0.003 0.64+0.01 4.334+0.03
ER/SSP-2 0.291+0.002 0.81+0.01 4.41£0.03
ER/SSP-3 0.286+0.011 1.01£0.03 4.98+0.12
ER/SSP-4 0.278+0.017 1.10+0.06 5.11+0.16

PR 0.354+0.002 0.37+0.02 3.34+0.06
PR/SSP-1 0.281+0.003 1.234+0.02 5.49+0.02
PR/SSP-2 0.215+0.009 1.71£0.06 5.55+0.04
PR/SSP-3 0.188+0.007 2.00+0.06 5.77+0.08
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As it is seen from these results, Poisson’s ratio values of the ER/SSP and PR/SSP composites
are smaller than those of the neat ER and PR. It was determined that the Poisson’s ratios of
the ER/SSP composites obtained because of the incorporation of SSP into the neat ER at
increasing rates, were lower than those of the neat ER by about 18.32% to0 29.26%. A similar
decrease of about 20.62% to 46.89% in Poisson’s ratio of the neat PR was determined by
adding increasing amounts of SSP to neat PR. Since the smaller Poisson’s ratio values
indicate the enhancement in the mechanical properties of materials, it can be stated that all
composite mortars have better mechanical properties than the neat ER and PR resins.

According to the data given in Table 6 and Figure 9, a linear increase was determined in the
ultrasonic micro-hardness values of the ER/SSP and PR/SSP composites obtained by
increasing the amount of SSP in neat ER and PR resins compared to the micro-hardness
value of the neat ER, and PR resins. The ultrasonic micro-hardness values of the ER/SSP
and PR/SSP composites were measured between 0.64 GPa to 1.10 GPa and 1.23 GPa to 2.00
GPa, respectively. On the other hand, compared to the H values of the neat ER and PR
matrices, an increase of 326.67 % to 633.33% was observed in the H values of the ER/SSP
composite mortars while an increase of 232.43% to 440.54% was observed in the H values
of the PR/SSP composite mortars. These results are like the results of ultrasonic wave
velocities and the elastic properties of ER/SSP and PR/SSP composites. When the ultrasonic
micro-hardness values of the obtained ER/SSP and PR/SSP composites are compared, it is
seen that the bonds formed because of the interaction of the SSP filler with the neat PR
matrix are stronger than those of the bonds formed due to the interaction between the SSP
filler and the neat ER. Because the increase in the ultrasonic micro-hardness values in the
composite is due to the strong atomic or molecular bonds between the matrix and the fillers.

=ER/SSP = PR/SSP ER mPR
~+ER/SSP PR/ISSP «ER  «PR
0.450 2.50
0.400 560
0.350 -
150 &
e
. 0.300 =
1.00
0.250
0.200 050
0.150 = 0.00
0 60 65 70 75

Sille stone powder ratio (wt.%)

Figure 9 - Change in ER and PR different amounts of SSP Poisson's ratio (u), and
ultrasonic micro-hardness (H).
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On the other hand, the acoustic impedance (Z) values of the neat ER and PR were measured
as 2.62 MRayl and 3.34 MRayl, respectively. The acoustic impedance (Z) values of the
ER/SSP and PR/SSP composites were determined in a range of 4.33 MRayl to 5.11 MRayl
and 5.49 MRayl to 5.77 MRayl, respectively (see Table 6; Figure 10). Thus, a significant
increase was observed for Z values of neat ER, and PR. Because compared to neat ER, and
PR matrices, an increase was seen in a range of 65.27% to 95.04% and 64.37% to 72.75%
was observed in the Z values of the ER/SSP, and PR/SSP composites, respectively. As seen
in Figure 10, a linear increase was observed in Z values of both neat ER and PR matrices by
increasing the amount of SSP. As with all other elastic properties, the Z values of the neat
PR matrix, and PR/SSP composites were determined higher than those of the neat ER matrix,
and ER/SSP composites. Therefore, it can be stated that adding the SSP filler to the PR matrix
provides composites that have higher Z values compared to the ER/SSP composites obtained
by adding the SSP filler to the ER matrix.

6.50

-+ ER/SSP -# PR/SSP °ER °PR
6.00

Z (MRayl)
P
wn
=

0 60 65 70 75
Sille stone powder ratio (wt.%)

Figure 10 - Change in ER and PR different amounts of SSP acoustic impedance (Z) values.

Although material density is an important factor affecting ultrasonic wave velocity [80, 81],
it is not the only factor affecting ultrasonic wave velocity in composite materials. Because
moisture content, porosity degree of the material and discontinuities within the material can
also affect the materials properties such as ultrasonic wave velocity in composites [70, 82-
85]. Ultrasonic wave velocity is also directly related to the density and elastic properties of
the material [86]. There are various reasons why the density of materials affects the ultrasonic
wave velocity in composites (Elastic modulus, acoustic impedance, packing of particles,
homogeneity). For example, ultrasonic wave velocity is frequently directly proportional to
the materials' Young's modulus and hardness, both of which depend on the material density
[87]. Therefore, if the Young's modulus and hardness value of a material are high, the
ultrasonic wave velocity in that material may also be high. On the other hand, acoustic
impedance, which is a measure of the ability to transfer ultrasonic wave energy from one
medium to another, also affects the ultrasonic wave velocity. Because acoustic impedance is
a physical material property that depends on both density and ultrasonic velocity, and a high
acoustic impedance causes an increase in ultrasonic velocity. The tight packing of particles
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such as sand, cement and aggregate added into the matrix in mortar may cause fewer voids
in the resulting composite, which causes an increase in both the density of the resulting
composite and the ultrasonic wave velocity. Because there are fewer gaps in the resulting
composite, it causes ultrasonic waves to travel in the medium in a shorter time.

Since higher density can be achieved in materials with more homogeneous distribution,
ultrasonic wave velocity may also be higher in a more homogeneous environment. Achieving
the desired homogeneity in composites depends on the composite components and the
applications in the production process. Proper mixing time and intensity are very important
to ensure homogeneity in mechanical mixing. It is possible to ensure homogeneous
distribution of the components by breaking up the lumps by applying appropriate mechanical
force during mixing. Sometimes, homogeneous distribution can be achieved by improving
the compatibility between these fillings and the matrix material by treating the surfaces of
the filling materials with coupling agents or chemical treatments. In some cases, the
homogeneity of the matrix and components of the mixture can be supported by the addition
of surfactants or dispersants. Making composite mixtures at appropriate temperature and
pressure, reducing the size of the particles added to the composite, and adding them to the
mixture in the appropriate order can also help in the homogeneous distribution of the
composite components. On the other hand, one of the best ways to improve the homogeneity
of composite mortars at the production process is to use ultrasonic homogenizer which uses
ultrasonic waves.

3.5. Cost Analysis

A cost analysis was conducted to evaluate the feasibility of using the composite mortars
produced in this study in the restoration of historical buildings. In the cost analysis, prices of
epoxy and polyester resin materials are based on data available on commercial websites [49,
50, 88]. In calculating the cost analysis of these materials, 20% goods and services tax was
added to the market price. Additionally, for imported goods, a shipping fee of $65 per ton
has been added. Average unit prices of various restoration mortars are given in Table 7.

Table 7 - Average unit prices of various restoration mortars.

Composite mortars abbreviations Unit price ($ per ton)
Pozzolanic lime-based mortar 628

Natural hydraulic lime mortar 601
Khorasan mortar 732
Gypsum mortar 147
Composite mortar obtained in this research 240-600

According to the data in Table 7, it is seen that the composite mortars produced within the
scope of this study have lower costs than other traditional restoration mortars, except gypsum
mortar. On the other hand, composite mortars are cheaper than pozzolanic lime mortar,
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natural lime mortar, and Khorasan mortar by approximately 4.46% to 61.78%, 0.16% to
60.07% and 18.03% to 67.21% respectively. However, composite mortars obtained in this
research are approximately 63.27% to 308.16% more expensive than gypsum mortar.

4. CONCLUSIONS

In this research, epoxy, and polyester matrix-based repair mortars were developed by
utilizing the recycling of Sille Stone Powder (SSP) to be used in the restoration of old
historical buildings such as madrasas, mosques, palaces, libraries, fountains, and
caravanserais and in new generation construction buildings. The physical and mechanical
properties of these new polymer-based mortars were determined non-destructively by
ultrasonic method, while their morphology was analyzed by SEM. SEM images revealed that
SSP showed a more homogeneous distribution in PR resin compared to ER. The findings of
the research showed that except the values of Poisson’s ratio, the values of density, ultrasonic
longitudinal wave velocity, ultrasonic shear wave velocity, ultrasonic micro-hardness,
acoustic impedance, and elastic modulus (L, G, K, E) of the ER/SSP, and PR/SSP composites
are higher than those of the values of neat ER, and PR. In addition, it was determined that the
most suitable combination ratio between ER and SSP in the ER/SSP composite mortars was
25:75, and the most appropriate combination ratio between PR and SSP in the PR/SSP
composite mortars was 30:70. One of the most important results of the research is that the
costs of the repair mortars obtained are more affordable than traditional repair mortars. In
conclusion, this research showed that the ultrasonic testing method can be used as a beneficial
method in the characterization of composite mortars and the evaluation of their elastic
properties. For this reason, it may be recommended to conduct similar research using SSP
and other environmentally polluting wastes such as SSP with other polymer matrices such as
polystyrene and polyurethane, as in ER and PR, and characterizing these new repair mortars
with non-destructive ultrasonic methods.
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Protection of Reinforced Concrete Columns from Pounding-
Induced Effects in Adjacent Buildings
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ABSTRACT

The pounding damage is one of the most common seismic damage types observed after past
earthquakes in adjacent reinforced concrete (RC) buildings having insufficient gap in-
between. Particularly in highly populated regions, there are numerous adjacent RC buildings,
in which pounding can cause severe damage or total collapse. Many previous reconnaissance
reports following earthquakes have emphasized severe column damage due to pounding with
the slab of adjacent building. In this paper, a retrofitting method is presented to reduce the
seismic damage caused by pounding on existing RC structural elements in cases where
collision is unavoidable. Pounding effects are investigated by using 4- and 7-story RC
buildings with unequal floor elevations. As a retrofitting solution for pounding, steel columns
and neoprene rubber pads are placed at the mid-height of the story so that the pounding takes
place between the neighbouring slab and added steel columns instead of existing RC
columns. The mid-column pounding of existing RC buildings with and without retrofitting
are numerically investigated. In the numerical model, buildings are connected by link
elements to produce the pounding in-between. Nonlinear response history analyses are
performed using 11 different real ground-motion records. Pounding forces, peak floor
accelerations, inter-story drift ratios, story shear force distributions, and plastic hinge
distributions are obtained and compared for each of the pounding conditions. The analysis
results reveal that the proposed retrofitting method protects the existing RC columns from
brittle type of shear failure and reduces the destructive effects of pounding.

Keywords: Pounding, seismic damage, retrofitting, adjacent buildings, reinforced concrete,
link element.

Note:
- This paper was received on April 10, 2023 and accepted for publication by the Editorial Board on
December 22, 2023.
- Discussions on this paper will be accepted by July 31, 2024.

o https://doi.org/10.18400/tjce.1280691

1 Eskisehir, Tiirkiye
sueda.altan19@gmail.com - https://orcid.org/0000-0001-8872-0544

2 Eskisehir Technical University, Department of Civil Engineering, Eskisehir, Tiirkiye
ozguravsar@eskischir.edu.tr - https://orcid.org/0000-0001-7246-9631

* Corresponding author



Protection of Reinforced Concrete Columns from Pounding-Induced Effects in ...

1. INTRODUCTION

Earthquakes are one of the most common natural disasters that result in loss of life and
property in the seismically active regions. Adjacent buildings can collide due to the
insufficient seismic gap between them or due to their out-of-phase vibrations [1,2].

This phenomenon is referred to as pounding, which is one of the common causes of damage
observed during earthquakes. Especially in metropolitan cities, there are numerous buildings
with insufficient seismic gap between them, and these adjacent buildings are under the risk
of structural damage due to pounding in future earthquakes. Therefore, it is necessary to
minimize the risks arising from earthquake-induced pounding damage.

Leaving sufficient seismic gaps ensuring that a collision does not occur between adjacent
buildings is the most effective method for preventing the occurrence of pounding. Therefore,
a minimum seismic gap that shall be placed between two buildings has been specified to
avoid pounding in building design codes. In the Turkish Building Earthquake Code (TBEC-
2018) [3], the minimum size of gap shall not be less than the value obtained by multiplying
the coefficient (o) by the square root of the sum of squares of displacements obtained in
adjacent buildings for each floor. If all floor levels of adjacent buildings are the same at all
stories, the coefficient (o) is 0.25R/I; otherwise, the coefficient is 0.5R/I. R and I represent
the structural system behaviour factor and importance factor, respectively. In addition, gap
distance shall not be less than 30 mm up to 6.0 m height and shall be increased by 10 mm for
each additional 3.0 m above 6.0 m and shall be arranged to allow independent movement of
building blocks in all earthquake directions. In some studies, the adequacy of the seismic gap
specified in building codes is investigated [2,4]. There are other studies conducted to
determine the minimum seismic gap required to prevent a collision [5-9].

Mostly, during the construction stage, the seismic gap calculated according to the earthquake
design code requirements is neither considered nor inspected properly between adjacent
buildings.

Fig. 1 — Examples of Pounding failures. [13]
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The collision between buildings can cause local damages or total collapse. Slab to column
collision is much more critical due to large shear forces imposed on the columns as a result
of pounding [10-12]. The shear capacity of the columns can be exceeded as a result of the
impact of the adjacent slab that has very high in-plane stiffness and capacity. As a result,
occurrence of column shear damage can lead to partial or total collapse of the buildings as
shown in Fig. 1.

Pounding has been observed in many past earthquakes. Following the 1985 Mexico City
Earthquake, it was reported that 40 percent of the buildings collided with each other, and
pounding damages were observed in 15 percent of the severely damaged buildings [14]. The
same phenomenon was observed in Loma Prieta Earthquake (1989), which affected over 500
buildings and caused pounding damage in over 200 buildings [15]. After the 1999 Kocaeli
Earthquake in Turkey, severe column damage was reported as a result of a collision between
a six-story building and a two-story neighbouring building [16]. Following the earthquake,
reconnaissance studies and reports revealed that the pounding caused significant damage to
the RC buildings [17-21]. Many experimental and numerical studies have also show that
pounding affects the seismic behaviour of buildings [22-29].

Thus, retrofitting methods to avoid the pounding have been the topic of many previous
studies.

Anagnostopoulos [30] proposed the placement of impact-absorbing materials between the
reinforced concrete structures to reduce the pounding effects. Many studies investigated the
effect of use of impact-absorbing materials on the response of colliding buildings [31-35].

Using supplemental energy dissipation devices reduces the maximum lateral displacements
of the building. However, such supplemental energy dissipation devices may not be sufficient
to prevent pounding in all conditions. Structural pounding can be avoided by increasing the
stiffness of the buildings using shear walls and bracing systems [36,37]. Shear walls reduce
the lateral displacements by increasing the stiffness of the building. If the displacements
could not be sufficiently reduced to the point where the collision is prevented, pounding is
inevitable and existing frame elements that collide with the adjacent building will be severely
damaged. Another mitigation measure proposed in the literature is to connect adjacent
buildings with links to keep structural vibrations in phase without causing pounding [38,39].
Abdel-Mooty and Ahmed [40] proposed a retrofitting solution using localized
interconnections between adjacent parts of the structure. In this case, seismic damage is
especially localized in the connection points of these link elements at existing building
components. Fluid viscous dampers and friction dampers have also been used to mitigate the
pounding effects in adjacent buildings [41]. Pargoo et al. [42] suggested implementing
viscous wall dampers in adjacent structures to reduce the pounding-induced effects.

Many studies have indicated that the most efficient method of preventing pounding is to leave
a sufficient gap between the buildings or to upgrade the stiffness of the structural system by
introducing structural walls in order to minimize the structural displacements to avoid
pounding. The adequacy of the proposed retrofitting methods in terms of preventing
pounding phenomenon includes several uncertainties such as the approximations in
calculating the inelastic displacements. However, there is no retrofitting method or published
study for preventing pounding-induced structural damage for existing buildings that have
already been constructed without sufficient seismic joint, and where pounding is
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unavoidable. This study aims to minimize the seismic damage caused by pounding on
existing RC structural elements in cases where collision is unavoidable. For this purpose,
existing adjacent RC buildings are retrofitted with steel columns and neoprene rubber pads
which are added to the existing structural system of buildings. Therefore, pounding will take
place between the added steel columns and the slab of the adjacent building. By this
retrofitting approach, existing RC columns can be protected by diverting the collision to the
steel columns. Then the pounding forces will be transferred from the pin connected steel
columns to the slabs, whose in-plane capacity is the largest compared to the capacity of any
other structural component of the exiting substandard RC buildings. Like the capacity design
principles adopted in the seismic design of buildings, the proposed retrofitting approach
receives use of the capacity of the strongest link, which is the in-plane capacity of slabs, in
the existing substandard RC building when pounding takes place.

2. PROPOSED RETROFITTING METHOD

The proposed retrofitting approach is intended to prevent column damage when pounding is
unavoidable. In order to protect the existing RC columns from pounding effects, steel
columns are placed at each story of the buildings by partially removing the infill wall and
pounding is ensured in these elements instead of existing substandard RC columns. Steel
columns added to the structural system of the buildings are shown in Fig. 2. The additional
steel columns are placed such that the pounding first takes place with them by extending steel
beam elements at the pounding level. Therefore, added steel columns by means of the
proposed retrofitting approach can only be effective in the case of floor-to-column pounding.

. - - | I - neoprene

rubber pad «f—
steel
. . I I ' . co“l“‘n
| 4
Bmn = -
I

(a)
Fig. 2 - (a) Proposed retrofitting method, (b) sectional view of columns, (c) connection
detail.
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The steel columns are connected to the floor with a simple support at both ends (Fig. 2(c)).
With this connection detail, only axial loads are transferred to the floors where the steel
column is supported. The floors that have very high in-plane stiffness and capacity distribute
the impact forces to the vertical structural members in accordance with their stiffness.
Furthermore, neoprene rubber pads are placed on the steel columns to provide additional
damping in the system during the collision and to prevent local damage that may occur on
steel columns and the concrete slab.

3. BUILDING FEATURES AND MODELING
3.1. Properties of Adjacent Buildings

Low and mid-rise RC buildings constitute a significant portion of Turkey's existing building
stock. Therefore, the study focused on 4- and 7-story RC buildings that represent typical
members of the existing building stock. Building models are determined from an inventory
study that is investigated about 500 RC buildings by Inel et al. [43]. 4- and 7-story buildings
are designed according to previous seismic codes. The reason for selecting these two RC
buildings is that the pounding phenomenon can take place due to their different dynamic
characteristics ensuring that their vibration modes will not be in phase and pounding can take
place in between.

Buildings have RC frame system constituted by beams and columns with no structural wall.
Plan view of ground story for both buildings is shown in Fig. 3. In both buildings, the sizes
of the structural system elements are smaller at the upper floors. The column and beam
dimensions of 4- and 7- story buildings are given in Table 1.

4-story building has a total length of 15 m in the x-direction, 10 m in the y-direction. 7-story
building has a total length of 19.5 m in the x-direction, 13 m in the y-direction. Story heights
in both building models are 2.8 m. In the design of both buildings, as per TBEC-2018, the
importance factor of both buildings and the soil class is taken as “1” and ZC (very dense
sand, gravel, or very stiff clay), respectively.

Concrete compressive strength of both building models is 16 MPa. Nominal yield strength
of both longitudinal and transverse reinforcements of 4- and 7-story buildings are 420 MPa
and 220 MPa, respectively.

occy c2C7 c3c7 cacy Ccic7 csclac1s coclacls C9C11C15 €9C12C15  C8C12C15
9
c11
€10C13C1a (€15 €10C13C14
- - -
C1Cé -C4 c7 C3C7 C3¢C7 cgc12c15 €9c12¢15,
a7 F cscizcls caciacis
E E C9 I—»x 9
= c3C7 cacT X C5C7 cAcy m (ST | 1l
Ll c15  [|C9Cl11C1s| |C9C11CLS e
|C3 e 9 C12 C15 €9c12¢15
C9C11C15 C10C13C14 C9C11C15
| JCAE7 a1 €7 el C1C7 ccy csciacis coctzcis  geocuas L cac12¢1s
€9cC12C15
15m i 19.5m
(a) (b)

Fig. 3 - Plan view of ground story for buildings (a) 4-story, (b) 7-story.
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Table 1 - The column and beam sizes of 4- and 7- story buildings.

Building model | Story level | Column label Column size (cm) Beam size (cm)

Cl 30%60
C2 25x%55
from 1 to 2 C3 25x%60

4-story C4 30x55 25%x60
Cs5 30%65
C6 25%50

from 3 to 4

C7 25x55
C8 30x65
from 1 to 2 Cc9 30x70
C10 30x75

25%60
Cl1 30%60
from 3 to 4 Cl12 25x%60
7-story C13 30x70
C11 30%60
5 Cl12 25x60

C13 30x70 25%50
C14 30%60

from 6 to 7

Cl5 25%50

Steel columns that are placed in the mid-bays on the collision surface of RC buildings are
made of S235 (structural steel with a nominal yield strength of 235 MPa). Columns section
is HESOOM of standard European sections. Neoprene rubber pads have dimensions of
200%200%25 mm. The nominal hardness of the rubber bearings is 60 on the Shore A scale,
which has the shear modulus, G of 1.1 MPa. The design of all components of the retrofitting
scheme including the connection details to the RC slab is made such that they will not be
exposed to any seismic damage under the impact forces during collision.

3.2. Nonlinear Modeling of Buildings

Three dimensional numerical models are developed for both buildings in SAP2000 [44]. The
base of the columns is assumed to be fully restrained. Slabs are considered to be rigid
diaphragms for the in-plane behaviour due to their larger cross-sectional area. The rigid
diaphragm constraint is employed to reflect this behaviour of the slabs. In the nonlinear
calculation method, effective stiffness coefficient values used for cracked sections of
reinforced concrete sections are considered as per TBEC-2018.
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Plastic hinges have been defined at both ends of columns and beams in reflecting non-linear
behaviour in building models. P-M2-M3 plastic hinge is assigned for columns to consider
the interaction between bi-axial flexure and normal force, whereas M3 plastic hinge is
employed for beams. User-defined hinge properties are used in this study. The moment-
plastic rotation relationship of the plastic hinges defined in the SAP2000 is given in Fig. 4.
'A', 'B', 'C', 'D', and 'E'. Moment-rotation relation of each plastic hinge are determined
according to section geometry, material properties of reinforcement steel, confined and
unconfined concrete, and axial load level on the RC members.

Moment

B|LD SD CP C

Rotation

Fig. 4 - Moment-rotation relationship of the plastic hinge.

Mander's model is selected for concrete material models to define unconfined concrete and
confined concrete [45]. Modulus of elasticity of concrete is taken as 20000 MPa according
to TBEC-2018 for concrete class C16. The strain corresponding to the maximum strength of
unconfined concrete is 0.002, the crushing strain is 0.0035, and the spalling strain is 0.005.
The characteristics of the confined concrete model vary depending on the cross-sectional
characteristics of the RC members and the detailing of the longitudinal and transverse
reinforcement.

Two different grades of steel, which are S420 and S220, have been considered. Modulus of
elasticity of reinforcement steel is taken as 200000 MPa. Yield strength, ultimate strength,
failure strain, and yield strain values are given in 7able 2.

Table 2 - Mechanical properties of reinforcement.

Reinforcement Yield Strength Ultimate Strength ~ Yield Strain, Failure Strain,
class (MPa) (MPa) &y Esu
S220 220 264 0.0011 0.12
S420 420 550 0.0021 0.08

The moment-curvature relationship of the RC members is obtained using the cross-section
analysis conducted in XTRACT [46]. The obtained moment-curvature values are used in the
definition of plastic hinges to be lumped at critical sections of RC members. P-M2-M3
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interaction and M3 hinges are assigned at the ends of columns and beams, respectively to
identify the attainment of their capacities during the nonlinear analysis. The performance
limits of Limited Damage (LD), Significant Damage (SD), and Collapse Prevention (CP) for
the flexural hinges are specified from section analysis and the requirements of TBEC-2018.
Table 3 shows the damage levels for flexural response in terms of material strains specified
in TBEC-2018. In the definition of moment-rotation relation, the plastic hinge length is
considered to be the half of the section depth (L, = H/2) as recommended in TBEC-2018.

Table 3 - Strain based damage levels as per TBEC-2018.

Damage Levels Concrete Limit Condition Steel Limit Condition

Limited Damage (LD) el? = 0.0025 el? = 0.0075

Significant Damage (SD) esP = 0.75¢5° &SP = 0.75¢5P
P = 0.0035 + 0.04,/0,¢

Collapse Prevention (CP) efP = 0.40¢g,

<0.018

where €, is concrete compressive strain, & is the steel strain and &g, steel strain at the
maximum tensile stress and w,, is the ratio of mechanical reinforcement of the effective
stirrup. w,,, is calculated according TBEC-2018 as;

Wye = UsePsnh,min f;::e (D
te=(1-20)(1-2) (1-22) 5 pu =2 @

where ay, is the efficiency coefficient of transverse reinforcement, pgj, is volumetric ratio of
transverse reinforcement, psp min is the minimum of the volumetric ratio of the transverse
reinforcement in two horizontal directions, f,. is the yield strength of transverse
reinforcement, f,, is compressive strength of concrete, a; is lateral distance between the axes
of the longitudinal bars, which are supported by the transverse reinforcement, b, and h, are
size of the cross-section between the axes of the transverse reinforcement of core concrete, s
is the spacing of transverse reinforcement, Ay is area of transverse reinforcement for
rectangular section, b, is cross section dimension of concrete core of column (distance
between the centers or outermost rebars).

Shear hinges are also assigned to each frame member to determine whether its shear capacity
has been attained during the analysis. Due to its brittle nature, only ultimate state limit is
specified for the shear hinges assigned at the mid-span of the members to distinguish the
shear hinges with the flexural hinges.

Flexural and shear hinges are assigned to steel columns placed on the pounding surface. In
this way, the demands that will occur on the steel column are monitored. Plastic moment
strength (M,) and nominal shear strength (V,) of steel columns are calculated according to
Turkish Structural Steel Code [47] as follows;
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M, = E,W,, (€)
Vy = 0.6F,A,,Cyy )

where F) is the yield strength of structural steel, 7, is the plastic section modulus about x-
axis, A, is the area of the web, C,; is the web shear strength coefficient, which is 1.0.

3.3. Examined Pounding Cases

Although there are buildings adjacent to the neighbouring building having the same floor
elevations, the majority of the existing buildings are adjacent to the neighbouring building
with different floor elevations. In this case, pounding takes place between the floor of one
building and the columns of the other building. Story heights of both building models are 2.8
m. One of the buildings is moved in vertical direction in the numerical model so that
pounding occurs in the mid-height of the columns. Slab-to-column collision models are
established by connecting building models with link elements. Then, slab-to-steel column
collision model is established by placing the steel columns in the mid-bays on the collision
surface of 4-story and 7-story buildings. Moreover, individual 4-story and 7-story buildings
where no pounding takes place are also examined for comparison purposes. Pounding models
and link elements are presented in Fig. 5.

(© (d)

Fig. 5 - Pounding cases for (a) no collision, (b) pounding model of non-retrofitted
buildings, (c) pounding model of retrofitted buildings, (d) link elements.
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Several impact models are used to simulate the pounding between colliding buildings in
literature [48-50]. Because of its simplicity and ease, the linear elastic spring model is
commonly used in previous studies. In the linear elastic spring model, linear spring with a
high stiffness is used to simulate impact once the gap between adjacent buildings closes. The
spring is only activated when the calculated relative distance in the closing direction is greater
or equal to the specified gap distance. In such a case, pounding takes place and spring
stiffness becomes effective. The force-displacement relationship of a link element is shown
in Fig. 6.. The impact force F(?), based on linear elastic spring model is determined as
follows;

(k@) —d), st)—d>0
Fo = { 0, 5(t)—d <0 (5)

6() = w;(®) —w (1) (6)

where k is the stiffness of the spring, §(t) is the depth of interpenetration, u;(t) and u;(t)
are the displacements of the two adjacent buildings and d is the gap distance.

| . q F (1)
— W —
) 7 5

Fig. 6 - Force-displacement relationship for linear elastic spring model

The impact model is simulated by using nonlinear link element in SAP2000. When the gap
distance closes during motion, the axial stiffness of the slab triggers in the stiffness matrix.
The axial stiffness of the building's floor slab in the pounding direction is used to calculate
the stiffness of the link element. The stiffness of link elements (k) is recommended to be
greater than the axial stiffness of the slab of the adjacent buildings [30,51,52]. Based on the
study of Altinel [53], the stiffness for the link elements is chosen as 35 times the axial
stiffness corresponding to the effective area on the slab section where the pounding takes
place. Hence k is calculated as;

ke=""x35 (7)
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where E is the modulus of elasticity of concrete, A is the effective cross-sectional area of the
slab, L is the length of the slab in the direction perpendicular to the contact surface.

The gap distance between the adjacent buildings is defined in the link element. If pounding
occurs, the gap distance is critical in the seismic response of both buildings. Although gap
distance is variable in existing buildings, a constant gap distance of 40 mm is selected in this
study to reflect an insufficient gap distance specified by TBEC-2018 to observe pounding. In
order to make consistent comparisons, the same gap distance, 40 mm, is also considered in
the retrofitted buildings, which includes steel columns and neoprene rubber pads. However,
in real life applications of the proposed retrofitting approach, the additional steel column and
neoprene rubber pad reduce the gap between the existing adjacent buildings.

The link elements defined in SAP2000 are used to model the neoprene rubber pad that will
be added to the collision surface of the steel columns. The neoprene rubber pad is modeled
as a spring connected in series to the link element. The axial stiffness of neoprene rubber
pads adopted from Naeim and Kelly [54] calculated as follows:

EcA

K, = e (®)
E. = 6.73GS? ©)
s=2 (10)

where K, is axial stiffness, E, is elasticity modulus, 4 is the area of neoprene pad, t, is the
neoprene pad thickness, G is shear modulus, S shape factor, a is the side dimension of the
square pad.

4. GROUND MOTION SELECTION AND SCALING

Real ground motion records obtained during earthquakes are used in nonlinear time history
analyses. Recorded ground motions are selected and scaled with respect to the requirements
of TBEC-2018. TBEC-2018 requires the selection of a minimum of 11 ground motion
recordings, where at most three ground motion records can be selected from the same
earthquake event. The selected ground motion records are scaled such that the average of the
response spectra values should be greater than the ordinates of the TBEC-2018 target
spectrum between the period range 0.27, and 1.57,, where T, is the natural period of the
building model.

In this study, the PEER (Pacific Earthquake Engineering Research) strong ground motion
database = has been used for selecting the ground motion records
(https://ngawest2.berkeley.edu/). Table 4 shows the main characteristics of the selected
earthquake records. Since the analyses is performed along the x axis where the pounding
takes place, only one of the horizontal components of the earthquakes is used. The component
with the highest PGV value is chosen.
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Table 4 - The properties of the selected earthquake records.

. . G PGV PGD
Record NoEarthquake Name Station Magnitude Component
d & P (g (cm/s) (cm)
RSN-879 Landers Lucerne 7.28 260° 0.73 133.40 113.92
RSN-821 Erzincan, Turkey Erzincan 6.69 NS 0.39 107.14 31.99
RSN-180 ggpe“al Valley- g1 Centro Array #5 6.53 230° 038 96.90 75.22
RSN-529 N. Palm Springs  North Palm Springs 6.06 210° 0.69 6599 16.17
RSN-1602 Duzce, Turkey Bolu 7.14 90° 0.81 65.88 13.10
RSN-959 Northridge-01 gz;wga Park - Topanga ¢ 9 196 039 6329 13.17
Imperial Valley- o
RSN-183 06 El Centro Array #8 6.53 140 0.61 5449 41.78
RSN-1052 Northridge-01 Pacoima Kagel Canyon  6.69 360° 043 5138 7.22
RSN-767 Loma Prieta Gilroy Array #3 6.93 90° 0.37 4543 24.11
RSN-727 Superstition Hills- Superstition Mtn 6.54 1350 084 4350 5.3
02 Camera
RSN-1165 Kocaeli, Turkey  Izmit 7.51 90° 0.23 3829 24.29
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Fig. 7 - Elastic response spectra of the selected ground motion records.

The target design spectrum is defined by considering the coordinates, the soil type, and the
earthquake ground motion level of the buildings. This information is used in the seismic
hazard map of Turkey (https://tdth.afad.gov.tr) to obtain the design spectrum for the
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investigated buildings. The target design spectrum corresponds to the seismic hazard level
(DD-2) with 10 percent probability of exceedance in 50 years in TBEC-2018 for the specific
location in Eskigehir city center with latitude coordinate of 39.763946°N and longitude
coordinate of 30.514724°E. The soil type is ZC (very dense sand, gravel, or very stiff clay).
Fig. 7 shows the elastic response spectra of the selected ground motion records with a
damping ratio of 5 percent. As shown in Fig. 7, since the average response spectrum is greater
than the considered target design spectrum, the scale factor is taken as “1” for all earthquake
records satisfying the criteria specified by TBEC-2018. Therefore, original ground motion
records are employed in the analyses without interfering with their content.

5. ANALYSIS RESULTS AND DISCUSSION

Nonlinear response history analyses are performed for four numerical models using the
selected 11 earthquake ground motion records. Four numerical models are composed of two
individual numerical models of 4-story and 7-story buildings termed as “reference”,
pounding model of the existing adjacent buildings termed as “non-retrofitted”, and finally
pounding model of the retrofitted adjacent buildings termed as “retrofitted”. Pounding forces,
peak floor accelerations, inter-story drift ratios, and story shear force distributions obtained
from the nonlinear time history analysis are recorded. The response of the original buildings
and retrofitted buildings with steel columns are compared based on the selected engineering
demand parameters. Comparisons are made for the average results of the selected 11 ground
motion records for each of the numerical models. Plastic hinge distribution caused by the
pounding effects of both buildings is also investigated for a specific ground motion record.

5.1. Pounding Forces

When the specified gap between the two buildings closes, the stiffness of the link elements
activate and pounding forces develop in the link elements. Thus, the time and the pounding
force can be determined for each link element when the collision occurs. Fig. 8 shows the
variation of the pounding forces in both retrofitted and non-retrofitted models for the two
ground motion records. In the retrofitted model, collision occurred at each floor in all
earthquake ground motion records. Pounding took place only on the steel columns. There
was no collision in the existing RC columns. The pounding-induced demands were prevented
from being accumulated at a specific floor level by distributing the pounding effects
throughout the building height by the applied retrofitting technique. As a result, a relatively
more uniform distribution of pounding-induced seismic effects is ensured throughout the
floors of the retrofitted building compared to the non-retrofitted one. Pounding forces reduce
at the lower floors of the retrofitted building as a result of the decreasing displacement
demands at the lower stories. The pounding forces are much greater in the non-retrofitted
building. On the fourth floor of non-retrofitted building, pounding force was 3.13 times
greater for Imperial Valley Earthquake record. The largest pounding forces took place on the
fourth floor of both retrofitted and non-retrofitted buildings for Superstition Hills Earthquake
record, which are almost the same. Seismic damage, on the other hand, is mostly localized in
the fourth floor of the non-retrofitted building, resulting in brittle type shear failure in existing
RC columns.
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5.2. Peak Floor Accelerations

Peak floor acceleration is an important engineering demand parameter for the safety of the
building's contents and the comfort of its residents [55]. Peak floor acceleration values
provide information about the seismic forces that will impose on the structural and
nonstructural components. Fig. 9 shows the average peak acceleration values at each floor
for all pounding models. For both buildings, pounding increases the floor accelerations at
each floor. In 4-story building, the maximum average peak floor acceleration values of
pounding models occurred in fourth floor of the building due to larger displacements. The
maximum peak floor acceleration in retrofitted building is less than that in non-retrofitted
building. In 4-story building, the maximum peak floor acceleration of the retrofitted and non-
retrofitted building is 1.72 and 2.08 times larger than the reference building, respectively. In
7-story building, the maximum peak floor acceleration of the retrofitted and non-retrofitted
building is 1.69 and 1.94 times larger than the reference building, respectively. In general,
the pounding takes place in all floors of the retrofitted buildings. However, in non-retrofitted
buildings, the pounding localized mostly in a single floor where the pounding first takes
place. Because the pounding demands are distributed throughout the retrofitted models rather
than localized in one floor as in the case of non-retrofitted building, the floor accelerations
of retrofitted building are lower than the ones for non-retrofitted building. There is a jump
even in the average peak floor accelerations at the fourth floor of both 4-story and 7-story
non-retrofitted buildings. As also observed in the pounding force variations in Fig. 8,
pounding took place mostly in the fourth floor only for the non-retrofitted building. This
caused the localization of pounding effects at the fourth floor of both non-retrofitted
buildings. On the other hand, as the pounding occurred in all floors of the retrofitted models,
there is no distinct jump in the average peak floor acceleration values.
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Fig. 9 - Average peak floor accelerations for buildings (a) 4-story, (b) 7-story.

5.3. Inter-Story Drift Ratios

Inter-story drift ratio (ISDR), a fundamental indicator for seismic damage for structural and
non-structural components, plays a critical role in structural performance. During an
earthquake, if the ISDR is excessive, both structural and non-structural components will be
damaged. Thus, the ISDR is restricted to a certain limit in building design codes in order to
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protect the components of the buildings. Fig. 10 shows the variation of ISDR in 4- and 7-
story buildings.

The effect of pounding on the variation of ISDR is not as pronounced as in the case of peak
floor acceleration distribution. Compared to the reference 4-story building, the maximum
increase in ISDRs at the fourth story of the retrofitted 4-story building is 21.8 percent, while
it is 15.4 percent at the fourth story of the non-retrofitted 4-story building. Compared to the
reference 7-story building, the maximum increase in ISDRs at the sixth story of the retrofitted
7-story building is 27.6 percent, while it is 15.0 percent at the sixth story of the non-retrofitted
7-story building. In retrofitted buildings, the increase in ISDR values is greater. Since
pounding did not cause any brittle type of shear failure to the columns of the retrofitted
building, retrofitted building has more ductile behaviour and has more displacement capacity
for additional displacement demands.

The maximum increase in ISDR occurs on the sixth story level of the 7-story building and
the fourth story level of the 4-story building. When buildings collide, the floors below the
fourth floor, where the pounding takes place, of the 7-story building have reduced ISDR than
the reference building. The 4-story building reduces the displacement of the first 4 floors of
the 7-story building. However, the floors above the pounding floor of the 7-story building
displaced more by the impact of the post-collision. Thus, for the 7-story building, there is an
increase in ISDRs at the floors above the pounding floor whereas the ISDRs are reduced in
the floors below the pounding floor. This response is clearly observed in Fig. 10(b) referred
as the whiplash effect, which causes changes in the displacements below and above the
pounding floor [2,11,56]. On the other hand, ISDR of the 4-story reference building is less
than the others when the pounding takes place. In both 4-story and 7-story buildings, the
retrofitted buildings have increased ISDR values at each story than the non-retrofitted
buildings. When the brittle type of RC column shear failure is prevented by the introduction
of steel columns for retrofitting purposes, the overall behaviour mode of the buildings is
dominated by the flexural response of the columns.
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Fig. 10 - Average ISDR distribution for buildings (a) 4-story, (b) 7-story.
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5.4. Story Shear Force

Maximum story shear force distributions are given in Fig. 1/ for the two buildings. The
presented average values are the peak value of the sum of the shear forces in the vertical
structural elements at each story under each earthquake record. The increase in the story shear
force is evident at the stories above and below the pounding level. In the 7-story building,
the increase in the shear forces at the floor above the pounding elevation is obvious due to
whiplash effect. The maximum increase in the story shear force of the retrofitted 4-story
building is 36.2 percent at the fourth story, while it is 43.6 percent in the non-retrofitted 4-
story building. The maximum increase in the story shear force of the retrofitted 7-story
building is 22.2 percent at the fifth story, while it is 13.2 percent in the non-retrofitted 7-story
building. Story shear forces have increased in retrofitted buildings. This is due to the fact that
pounding has not caused shear damage to existing RC columns with the addition of steel
columns for retrofitting purposes. Thus, the displacement of the columns increases so does
the shear force demands in the columns.
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Fig. 11 - Average story shear force distributions for the buildings (a) 4-story, (b) 7-story.

5.5. Plastic Hinge Distributions

Plastic hinge distribution is examined under the Erzincan Earthquake ground motion record
where the greatest pounding force occurs among the other selected records. Plastic hinge
distributions of the buildings are presented in Fig. 12. Damage state of the assigned plastic
hinges is determined according to the colored scale shown on the right side of Fig. 12. On
the colored scale, “B” is the beginning of nonlinear behaviour and “E” is the ultimate point,
beyond which the member failure takes place. (I0) corresponds to the limited damage, (LS)
corresponds to the significant damage, and (CP) corresponds to collapse prevention limit
states in TBEC-2018. Pounding significantly changes the plastic hinge distribution of both
buildings. There is an increase in the number of damaged column and beam members at the
upper floors of the buildings after pounding.

When Fig. 12 (b) and (c) are compared with Fig. 12 (a), it is observed that the plastic rotation
demands in ground story beams and columns of 4-story building have increased, whereas the
plastic rotation demands in ground story beams and columns of 7-story building have
decreased. This result is consistent with the fact that pounding causes an increase in the
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ISDRs of 4-story building and a decrease in the ISDRs of a 7-story building below the
pounding floor as shown in Fig. 10.
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Fig. 12 - Plastic hinge distribution for the Erzincan Earthquake record (a) reference
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As shown in Fig. 12 (b), shear failure in several columns of the non-retrofitted buildings has
been observed at the stories where pounding takes place. In the retrofitted building, although
the pounding takes place in each story, no shear failure is observed in the added steel columns
or in the existing RC columns. Therefore, by introducing steel columns for retrofitting
purposes, the existing RC columns are protected from any brittle type of shear failure. This
leads to more ductile behaviour with increased ISDRs, and plastic rotation demands in the
lower stories. Therefore, the detrimental effects of collision between adjacent buildings are
minimized and the overall seismic response of the buildings is improved by eliminating the
column shear failures.

6. CONCLUSIONS

In this paper, the effectiveness of the proposed retrofitting strategy for protecting existing RC
columns against pounding effects has been investigated. Firstly, 3D numerical models of the
4- and 7-story RC buildings representing the existing building stock are developed in
SAP2000 program. Then, steel columns with neoprene rubber pads were introduced in the
retrofitted buildings. Nonlinear time-history analyses were conducted with 11 different real
ground-motion records. The variations in pounding force, peak floor accelerations, ISDRs,
story shear forces, plastic hinge distributions are examined for all pounding cases. The
analysis results for each engineering demand parameter are compared for reference buildings,
non-retrofitted buildings, and retrofitted buildings. Following conclusions were drawn based
on the results of this study:

. With the introduction of steel columns in retrofitted buildings, pounding takes place
in each story with reduced pounding forces. This enables a relatively more uniform
distribution in the pounding-induced seismic effects along the height of the building.
Whereas, in the non- retrofitted building, pounding forces are much larger and the
seismic damage is mostly localized in the pounding story causing brittle type of shear
failure in RC columns.

. The peak floor accelerations are observed to be increased due to pounding. The
increase in peak accelerations at floors with larger displacements is especially
pronounced as a result of pounding. Because pounding demands are distributed
throughout the retrofitted building, the increase in peak floor accelerations is less in
retrofitted buildings compared to the non-retrofitted buildings. Distinct jumps in the
average peak floor accelerations were observed in the non-retrofitted building as a
result of localization of pounding in a single floor.

. The variation in the ISDR 1is not as significantly affected by pounding as it is in the
case of peak floor accelerations. There is an increase in the ISDR of 4-story building
with pounding. Because of the change in the dynamic response of the 7-story building,
ISDRs have increased at floors above the fourth story, at which the pounding takes
place. However, in the lower stories of the 7-story building, ISDRs have decreased
due to pounding with the 4-story building.

. Story shear forces have been increased due to pounding. There is greater increase,
particularly in the retrofitted building because the existing columns could resist more
lateral force without shear damage. The largest increase of shear forces took place in
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the pounding stories, which are the roof story of the 4-story building and the fifth story
of the 7-story building.

The distribution of plastic hinges is one of the most significant indicators for the
effectiveness of the proposed retrofitting strategy against pounding. Pounding caused
a significant change in the damage profile of the buildings with an increase in the
number of damaged members. The shear capacity of RC columns in the non-
retrofitted buildings was exceeded during collision, and shear failure was observed in
several columns at the pounding elevation. The existing RC columns in the retrofitted
building did not exhaust their shear capacity because no collision occurred in existing
RC columns. Thus, pounding impact spread throughout the structural members. The
proposed retrofitting method protects the existing RC columns from brittle type of
shear failure as a result of pounding.

The results are valid only for the 4- and 7-storey buildings used in this study. The retrofitting
method can be used by extending the findings to other buildings. Future studies can be
extended to investigate the effectiveness of the proposed retrofitting approach for the adjacent
buildings at which the collision can take place at different column elevations rather than the
column mid-point as is the case in this paper.
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ABSTRACT

Earthquakes cause cyclic shear deformations in soil and build-up of excessive pore water
pressure as a result of undrained loading, accompanied with rearrangement of soil particles
and degradation in stiffness of the soil due to decrease in effective stresses. During loading,
the onset of soil liquefaction is defined as a stress state in which the excess pore water
pressure is equalized to the total stress. From this point of view, assessment of the pore water
pressure development pattern under cyclic loading has been one of the most salient research
topics in geotechnical and earthquake engineering. In this study, results of a series of cyclic
triaxial tests on non-plastic silt specimens consolidated under 100 kPa effective isotropic
consolidation pressure were used to question the modelling ability of pore pressure
development models previously proposed for sands. Tests were performed on specimens of
6 different initial relative densities (D;) ranging between 30-80% and 10 different cyclic
stress ratios (CSR). The key parameters of pore water pressure development and shear
deformation in the energy-based model used are relative density, cyclic stress ratio and
number of cycles. The results revealed that, these energy-based models have a strong
potential in evaluation of pore water pressure development pattern of non-plastic silts. Test
results also show that the increase in relative density and decrease in CSR causes a ladderlike
behavior among pore water pressure and cyclic shear strain, which is relevantly rendered by
energy-based models.
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1. INTRODUCTION

It is a well-known fact that, during earthquake loading, soils may completely lose their
strength and imitate the viscous behavior of a “liquid”. Identified as liquefaction, this
phenomenon is one of the reasons causing severe damage during seismic action. Many
liquefaction cases were reported in the past, particularly in San Francisco (1906), Alaska
(1964), Niigata (1964), San Fernando (1971), Kocaeli (1999) as reported in literature [1].
Evaluation of the pore water pressure development mechanisms triggering liquefaction has
become one of the most important and interesting topics in geotechnical earthquake
engineering [1]. Liquefaction leads to loss of shear strength caused by the build-up of
excessive pore water pressure. Liquefaction can cause loss of bearing capacity, floating of
buried structures, ground subsidence, settlement of embankments, lateral displacement of
slopes and retaining walls [2-3].

Excess pore pressures in a soil during cyclic loading can be divided into two components,
transient and residual. Transient pore water pressures in saturated soils occur due to changes
in the applied average normal stresses resulting from dynamic loading [4-5]. Since the
resulting pore water pressures are equal to the change in the total stress acting on the soil,
transient excess pore pressures will have an inconsiderable effect on the effective stresses
acting on the soil. Conversely, residual pore water pressures result from gradual collapse of
the soil skeleton (i.e. plastic deformations) and therefore change the effective stresses acting
on the soil. As a result, residual pore water pressures directly affect the strength and stiffness
of the soil. During stress controlled cyclic tests, the residual pore pressures are those that are
present when the applied deviator stress equals to (or exceeds) zero [6-7]. Residual pore
pressures are often measured as the residual pore water pressure ratio. Pore water pressure
ratio (ru) defined as the ratio of the residual pore water pressure (uxs) to the initial effective
confining stress (0',) acting on the soil. This ratio ranges from zero (i.e. no residual pore
pressure) to one (i.e. complete transfer of load to pore water or "liquefaction") and thus
provides more information than just the magnitude of the residual pore pressure.

In the literature, much effort is given on understanding the cyclic pore water pressure
development pattern; these can be classified as stress-based [8,9], deformation-based [10,
11], energy-based [7, 12], and plasticity-based [13] models.

Four stress-based models can be used to predict pore water pressure generation for a non-
plastic silt subjected to dynamic loading. The first model was developed by the empirical
solution of Seed et al. [8]. In the sequel, a simplified alternative model was proposed by
Booker et al. [9]. Three decades later, Polito et al. [ 14] revisited the method proposed by Seed
et al. [1] with the help of statistics. Lastly, Baziar et al. [15] proposed an alternative closed
form solution for silts using statistical software based on Seed et al.’s [8] methodology.

An empirical model considering excess pore-water pressure ratio (r,) and ratio of number of
cycles to liquefaction (N/Niiq) was suggested by Lee and Albaisa [16]. Seed et al. [8] proposed
an empirical formula as given in Equation (1) based on data from De Alba et al. [17]:

1,1 . N \«
Ry =3+ = *arcsin [2 * (qu) - 1] (1)
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where o is a function of soil properties and testing conditions (¢=0.7; and N=number of
equivalent uniform loading cycles). Recently, Polito et al. [14] revised Seed et al.’s [8]
method by use of statistical approaches and suggested that the model coefficient alpha (a) is
dependent on several factors including cyclic stress ratio (CSR), fines content (FC), and
relative density (Dy):

a = 0.01166 * FC + 0.007397 = D, + 0.01034 = CSR + 0.5058 2)

Equation (2) is valid for coarse grained soils with fines content (FC) less than 35%. For clean
sands (FC=0), the effect of CSR on results is relatively insignificant, and it is evident that
relative density has a remarkable effect on a. It is estimated that o should be between 0.73 to
1.14 [3]. Seed et al. [8] developed an empirical equation for assessment of excess pore-water
pressure ratio (ru) as a function of cycle ratio. This expression was subsequently simplified
by Booker et al. [9] and is given as:

R, = %arcsin [(Nl)il 3)

liq

Equation (3) is composed of two calibration parameters, namely, number of cycles to
liquefaction (Njiq) and empirical constant (c), which is to be determined by stress-controlled
testing. For a certain soil, Njiq increases with increasing relative density (D;) and decreases
with increasing cyclic stress ratio (CSR); a is a constant-a function of soil type and test
conditions. Baziar et al. [15] proposed the correlation given in Equation (4) based on model
of Booker et al. [9]:

r = 2arcan (2] (1 (-1 @

In Equation 4, a and B are two constants which are identified for different types of soils based
on their silt content.

Early efforts on evaluation of dynamic characteristics of soil utilize slow and rapid transient
loading on soil specimens by impact loading on a spring [18]. However, cyclic triaxial testing
by analysis of stress reversals for assessment of liquefaction susceptibility and dynamic
characteristics of soils were introduced by studies of Seed & Fead [19] and Seed [20]. During
the past decade the test device, thanks to developments of data acquisition and measurement
technology, use of the test has steadily increased, and it has been the most commonly used
laboratory test for evaluating dynamic response of soils. The test has even broadened its use
to analysis of response of foundations of offshore structures. However, sometimes, the
difficulties in obtaining undisturbed specimens, imitation of loading and stress conditions
come up with the need of modeling efforts. In this regard, an empirical energy-based excess
pore pressure generation model has been developed that accurately approximates residual
pore pressure generation in cohesionless soils under stress-controlled cyclic loading. The
energy-based model has a simple mathematical form and a single calibration parameter
(PEC), which facilitates its implementation and calibration.
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Energy based pore water pressure development models are beneficial for understanding the
pore water pressure development pattern during seismic loading. Some researchers
developed models considering deformation energy and established relationships among
change in excess pore pressure and energy absorbed per unit soil volume for a certain loading
cycle [21]. They proposed an equation establishing a relationship between the volume change
of dry sand and pore water pressure, considering an energy-based model. Further attempts
were based on theoretical studies, mainly focusing on developing experimental models using
empirical data [22-28]. A comprehensive summary of previous studies is presented by Green
[28] along with a new set of calibration parameters. Additionally, Green et al. [7] presented
a compilation of previous studies along with a new set of calibration parameters. The
following model is proposed by Green et al. [7]:

Ws
PEC

<1 4)

=

Here; W; is the energy dissipated per unit volume of soil divided by initial effective confining
pressure and PEC is the Pseudo Energy Capacity, which is a calibration parameter. An
infinitesimal increase in W, can be linked to state of stress and changes in strain (Equations
6 and 7).

ol dey+207, dep+typ dYyh+Thy d
dWS=(V v+20p dep+Tyh dYyh+Thy dYhv) (6)

]
Omo

where; dW; is the dissipated energy increase normalized by the initial mean effective stress;
Omo is the initial mean effective stress; 6’y is the vertical effective stress; dev is the change
in vertical strain; ¢’n is the horizontal effective stress; den is the change in radial strain; Tvh
is the horizontal shear stress acting on a plane with a vertical normal; dywn is the change in
shear strain due to change in T.; Tnv is the vertical shear stress acting on a plane with a
horizontal normal and dynv is the change in shear strain due to change in Thy;

Ws = 2%5 S (0a,ie1 + 0a0)- (eaisa — ai)] @

In Equation 7, n is the number of load increments to liquefaction; cq4; and cg4;+1 are applied

deviator stress at load increments “i”” and “i+1”, respectively; €. and €.+ are the axial strains
at load increment “i” and “i+1”, respectively.

In energy-based models, there is no need for definition of an equivalent number of cycles for
introduction of a seismic action. With energy-based models, the stress or strain profile can
be conveniently obtained based on the pore water pressure ratio (r,)-cyclic shear strain ()
relationship. One limitation of energy-based models is the need for information about
complete stress-deformation history, which influences selection of convenient constitutive
model [29]. However, under uniform and non-uniform loading conditions, the energy-based
approach is a viable tool for evaluation of liquefaction [30-35]. Based on an experimental
framework, Baziar et al. [36] developed a model to analyze strain energy-based liquefaction
resistance based on parameters including initial effective overburden pressure, relative
density and mean grain size. Xu et al. [37] also used the energy-based approach to analyze
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the liquefaction potential of both loose and medium-density sand samples. Zhang et al. [38]
performed a series of soil liquefaction tests and developed multivariate adaptive regression
splines to find out the energy threshold triggering the liquefaction in sand and silt. Yang and
Pan [39] studied cyclic resistance and pore water pressure generation in consolidated
anisotropic sand samples using the Green, Mitchell and Polito Model (GMP) in conjunction
with energy dissipation theory. Several experimental studies in the literature question the
parameters affecting liquefaction behavior of silts and sands. Kokusho [40] evaluated the
liquefaction potential of Futtsu sand using stress and energy-based methods with reference
to varying relative densities and fines contents. Karakan et al. [32] performed cyclic triaxial
tests on a non-plastic silt specimen of different relative densities. Varying cyclic strain levels
were applied to observe the excess pore pressure development patterns, and also liquefaction
behavior.

The residual pore pressures computed by the energy-based model and the experimental
results are in good agreement. However, contrary to stress-based models, energy-based
models do not require the conversion of randomized loads to an equivalent number of
uniform load cycles. Moreover, the energy-based models are plausible alternatives to stress-
based models for prediction of residual excess pore pressure generation patterns of
cohesionless soils subjected to cyclic loading. Energy dissipation theory is a favorable tool
in understanding the parameters influencing the liquefaction and pore water pressure
generation behaviors in non-plastic silts. However, limited number of studies investigate the
liquefaction phenomenon in pure non-plastic silts, based on energy-based models. In the
present study, results of a series of stress-controlled consolidated undrained cyclic triaxial
tests were analyzed to investigate the pattern and amount of dissipated energy threshold for
the onset of liquefaction of a non-plastic silt. Relative density (Dr) and cyclic stress ratio
(CSR) were determined to be the major influencing factors affecting the dissipated energy.

2. MATERIALS AND METHODS
2.1. Experimental Data

As mentioned before, results of cyclic triaxial tests performed by authors were used, and
these studies report properties of non-plastic silt tested [32-33]. The specific gravity of non-
plastic (NP) silt is 2.65 and the particle size distribution is given in Figure 1. The maximum
and minimum void ratios in accordance with ASTM D4253 [41] and D4254 [42] standards
were determined as 1.352 and 0.894, respectively. Cyclic triaxial tests were performed on
samples prepared at six different relative densities ranging from 30% to 80%. For specimens
prepared at different initial relative densities, 10 different cyclic triaxial tests of different
CSRs were performed, which makes a total of 61 experiments (Data available in [32-33]).

Stress-controlled cyclic triaxial tests were performed to analyze the relationships among
cyclic stress ratio (CSR), pore water pressure and double amplitude of axial strain. The device
is equipped with a single column load frame, including a servo-pneumatic actuator with
external displacement transducer. The servo-valve is able to apply a sinusoidal vibration
frequency between 0.001 to 10 Hz. The device is capable of measuring axial displacement
and load up to 50 mm. and 2 kN, respectively, by use of relevant transducers inside the cell.
Volume change of specimens was measured by a double burette type volume change device,
which is equipped with a transducer having a stroke of 25 ml (Figure 2).

75



Energy-Based Assessment of Liquefaction Behavior of a Non-Plastic Silt Based on ...

100
00 |11 | | L] | |

w0 | | ]
70
60
50
40

30 \\
20

10 \\

0 \\‘\

0.1 0.01 0.001
Grain diameter (mm)

Percent finer (%)

Figure I - Grain size distribution of non-plastic silt [45]

De-aired, ‘Vacuum
»
Tank
Pneumatic [
Loading

Figure 2 - Dynamic triaxial testing system

The tests were applied on specimens having dimensions of 50x100 mm (diameterxheight),
which were prepared and tested in accordance with JGS 0520-2000 and JGS 0541-2000
standards, respectively [43-44]. During specimen preparation, a vacuum of -20 kPa was
applied to the specimen, in order to obtain a constant cross-sectional area throughout its
height and prevent membrane penetration. Afterwards, the confining pressure was gradually
increased as the vacuum pressure is also gradually decreased at a same rate. Later, carbon
dioxide and de-aired water were circulated through the specimen. Saturation of specimens
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were ensured by application of cell and back pressures. Consolidation under a confining
pressure of 100 kPa was initiated after obtaining a Skempton’s pore water pressure (B) value
greater than 0.96. The next phase was application of undrained cyclic loading, and the
liquefaction assessments were made until the specimens were exposed to 20 cycles of loading
or when the double amplitude axial strain exceeds 5% [32]. During cyclic loading, excess
pore water pressure, cyclic axial strain and cyclic deviator stresses were recorded
simultaneously. After the loading stage, drainage valves are opened to drain the water in the
soil sample. The water in soil specimen is transferred to volume change burette, enabling
measurement of volume change due to post-liquefaction settlement. A series of tests on the
required number of homogeneous specimens were performed, by gradually increasing the
amplitude of cyclic load. Table 1 includes the details of the experiments including
consolidation pressure, range of relative densities, CSR values, cyclic stress, pore water
pressure ratios, volumetric strain, cyclic axial strain, double amplitude axial strain, factor of
safety, number of tests and corresponding number of cycles to liquefaction. For providing a
systematic approach, relative density of specimens was changed from 30% to 80%. Also, the
specimens were subjected to different amplitudes of sine wave loading, by changing cyclic
stress ratio (CSR) values. For specimens of 80% relative density, CSR values ranging
between 0.173 and 0.226 caused higher strain levels up to 16%. Literally, a very low number
of cycles between 0.5 to 1.5 caused liquefaction of silt, when subjected to higher CSR values.
For 50% relative density, strain levels of specimens subjected to CSR values ranging between
0.149 and 0.186 are on the order of 12%. The specimens were completely liquefied after 2 to
7 cycles of loading, in other words, pore water pressure ratio has reached 100% and large
strains were observed. For specimens having an initial relative density of 40%, strains
corresponding to CSR values of 0.137 to 0.190 were approximately 9% whereas the soil lost
its strength completely after 3 to 6 cycles. For specimens of 30% initial relative density,
strains were recorded between 3.3% to 5% for CSR values between 0.123 and 0.166, with
corresponding number of cycles from to 1 to 3.

In brief, the specimens, which were subjected to stress-controlled cyclic loading, were
initially consolidated at 100 kPa under isotropic conditions. The dynamic loading pattern was
a sine wave with a frequency of 0.1 Hz. As a result, excess pore water pressure (u), cyclic
axial strain (&), and cyclic deviatoric stresses were recorded continuously. Results of tests
on a liquefied and a non-liquified sample are given in Figures 3 and 4, respectively. Here, the
differences in stress path, change in stress path due to cyclic axial strain, and the change in
number of cycles with pore water pressure ratio and cyclic axial strain by application of
varying CSR levels on identical specimens of 60% relative density were presented. In this
regard, a specimen of 60% relative density liquified after 13 cycles under a CSR value of
0.112 (Figure 3). In detail, Figure 3a presents the application of sine wave load of £50 N for
13 cycles. Figure 3b shows the cyclic axial strain with number of cycles. It is evident that the
specimen reaches 0.3%, 1.5% and 10% cyclic axial strains after application of 6, 11 and 12
cycles, respectively. Investigation of the change in pore water pressure with cyclic axial
strains (Figure 3c¢), 6, 11 and 12 cycles come up with r, values of 0.4, 0.65 and 0.75 and
cyclic axial strains of 0.35%, 0.75% and 10%, respectively. Nevertheless, Figure 3d shows
the variation of stress path, where maximum amplitude of principal stress difference is £5.60
kPa. It is clearly observed that the mean effective stress of 100 kPa decreases to 0 after 13
cycles.
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Table 1- Details of testing program

Relative Number of
Test | Density c Cyclic | Cyclic Cyeles | PoreWater | i st |Double amplitude of] G " R
Number]| value, B [Pressure (kPa)| Stress s-lmss Pmss-um Strain (£,)sa (%)| axial strain (%) A PEC R RMSE
D, (%) (kPa) |ratio, CSR N Ratio

0 80 1.00 99 2.18 0.011 20 0.02 0.009 0.018 Not liquified

1 80 1.00 100 434 0.022 20 0.02 0.007 0.013 Not liquified

2 80 1.00 99.8 831 0.042 20 0.04 0.019 0.039 Not liquified

3 80 1.00 100 13.79 0.069 2 0.10 0.045 0.089 Not fiquified

4 80 1.00 99.6 20.13 0.101 20 023 0.086 0.173 Not liquified

5 80 097 993 2162 0.109 2 1.00 3013 6.547 8.1 7310 | 0974 | 0013
6 80 0.98 99.6 28.33 0.142 6 1.00 11.836 23.672 17.39 4173 | 0982 | 0.030
7 80 098 99.9 34.63 0.173 3 1.00 15.525 31050 20.05 4872 | 099 [ 0007
8 80 0.98 99.7 37.53 0.188 L5 1.00 18.083 36.167 14.51 207.36 [ 0.997 | 0.019
9 80 0.98 99.3 39.01 0.196 1 1.00 15.405 30.810 16.60 273.90 | 1.000 [ 0.000
10 80 0.99 99.8 4517 0.226 05 1.00 17.396 34.792 26.40 784.00 | 1.000 | 0.000
11 70 0.97 100 439 0.022 20 0.02 0.013 0.027 Not liquified

12 70 0.99 9.6 9.32 0.047 2 0.06 0.019 0.039 Not liquified

13 70 1.00 99.9 13.76 0.069 20 0.09 0.058 0.116 Not liquified

14 70 1.00 98.9 17.24 0.087 20 0.23 0.127 0.254 Not liquified

15 70 0.89 % 26.62 0.134 20 051 0219 0438 Not liquified

16 70 0.98 99 29.00 0.146 6 1.00 11.060 22,120 9.48 3114 0.994 | 0014
17 70 0.94 99.2 34.26 0.173 3 1.00 14.565 29.130 8.99 3745 | 0991 | 0.027
18 70 0.98 99.2 37.73 0.190 1 1.00 11.962 23.924 16.08 28493 | 0999 [ 0016
19 70 1.00 100 40.31 0202 0.8 1.00 18.053 36.106 25.53 748.57 | 0.022 | 0997
20 70 1.00 99.5 41.26 0.207 05 1.00 18.046 36.092 25.21 635.04 | 1.000 | 0.000
21 60 098 % 445 0.022 2 0.03 0.016 0.031 Not liquified

2 60 0.99 99.8 8.93 0.045 20 0.06 0.031 0.062 Not liquified

3 60 1.00 9.5 13.79 0.069 2 0.14 0.074 0.147 Not liquified

24 60 0.99 100 17.51 0.088 20 020 0.141 0.283 Not liquified

25 60 1.00 100 21.67 0.108 13 1.00 9.101 18.202 6.73 48.44 0.987 | 0012
26 60 0.90 100 25.61 0.128 3 1.00 11.944 23.889 16.28 1600 | 0975 | 0.043
27 60 097 99 3447 0.174 1 0.90 7.221 14.441 11.60 70.56 0.99 | 0.036
28 60 1.00 % 3824 0.193 07 1.00 8.922 17.843 13.08 171.61 | 1.000 | 0.001
29 60 1.00 98 451 0217 05 1.00 10.021 20.041 14.15 198.81 | 1.000 | 0.000
30 60 1.00 99.9 37.88 0.190 0.8 1.00 18.085 36.171 2372 561.69 | 1.000 | 0.000
31 50 1.00 99.2 221 0.011 20 0.01 0.011 0.022 Not liquified

32 50 1.00 % 4.66 0.024 2 0.03 0.015 0.030 Not liquified

33 50 1.00 99.6 9.46 0.048 20 0.06 0.031 0.061 Not liquified

34 50 1.00 99.3 12.25 0.062 20 0.09 0.042 0.083 Not liguified

35 50 0.90 99 13.82 0.070 20 0.08 0.056 0.113 Not liquified

36 50 1.00 100 18.17 0.091 20 026 0.147 0.294 Not liguified

37 50 1.00 100 23.64 0.118 18 1.00 7.109 14.218 9.16 5822 | 0.980 | 0.036
38 50 1.00 9 29.55 0.149 7 1.00 11.616 23.232 11.59 3832 | 099 | 0.040
39 50 093 % 3226 0.163 5 1.00 12.733 25.466 1835 121.00 | 0983 | 0.025
40 50 1.00 99.6 36.95 0.186 2 1.00 11.534 23.067 17.97 3036 | 1.000 | 0.020
41 40 1.00 100 2.16 0.011 20 0.02 0.012 0.023 Not liquified

42 40 0.98 99.5 4.53 0.023 20 0.01 0.021 0.041 Not liquified

43 40 1.00 99.9 947 0.047 20 0.06 0.029 0.058 Not liguified

4“4 40 1.00 99.5 11.68 0.059 20 0.07 0.046 0.093 Not liquified

45 40 1.00 99.7 13.99 0.070 20 0.09 0.059 0.118 Not liquified

46 40 1.00 9.9 18.49 0.093 20 0.21 0.147 0.293 Not liquified

47 40 0.99 99.5 24.65 0.124 20 046 0.306 0.612 Not liquified

48 40 1.00 99.7 2738 0.137 6 1.00 9.227 18.454 1430 2070 | 0.994 | 0.052
49 40 1.00 99.7 33.63 0.169 4 1.00 6.725 13.451 13.20 49.00 | 0987 | 0.050
50 40 092 9.6 37.77 0.190 3 1.00 9.098 18.197 9.53 7140 | 0963 | 0.083
51 30 0.97 100 2.03 0.010 20 0.01 0.012 0.024 Not liquified

52 30 0.97 99.8 446 0.022 20 0.02 0.020 0.041 Not liguified

53 30 0.97 9.8 8.92 0.045 20 0.04 0.031 0.062 Not liquified

54 30 1.00 99.9 1137 0.057 20 0.07 0.046 0.092 Not liquified

55 30 0.98 99.9 13.52 0.068 2 0.10 0.072 0.145 Not liquified

56 30 0.96 100 17.42 0.087 20 035 0.188 0376 Not liquified

57 30 098 9.7 2077 0.104 15 1.00 1310 2.620 9.50 9216 | 0976 | 0.091
58 30 0.98 99.7 24.52 0.123 3 1.00 4.963 9.925 8.31 4489 | 0971 | 0125
59 30 0.94 99.8 30.81 0.154 2 093 4.250 8.500 8.91 11025 | 0.995 | 0.040
60 30 1.00 99.9 3321 0.166 1 098 3357 6.713 8.12 83.72 | 0995 | 0.050
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Figure 3 - Test results on a liquified specimen of 60% relative density under a CSR value of

0.112 (a) Change of sine wave load with number of cycles, (b) Change of cyclic axial strain

with number of cycles, (c) Change of pore water pressure ratio with cyclic axial strain, (d)
Stress path.

On the other hand, results of tests on a non-liquified specimen of 60% relative density are
also shown in Figure 4. The specimen did not liquefy after 20 cycles under a CSR of 0.09,
corresponding to a sine wave load of =41 N. Figure 4b presents the variation of cyclic axial
strain by number of cycles. Strictly speaking, the strains reach to 0.28%, after 20 cycles of
loading. The non-liquified specimen reaches a pore water pressure ratio and axial strain of
0.25 and 0.28%, respectively (Figure 4c). Finally, Figure 4d shows the variation of stress
path, where maximum amplitude of principal stress difference is +4.50 kPa. It is evident that
the mean effective stress of 100 kPa decreases by a relatively small value, down to 82 kPa.
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Figure 4 - Test results on a non-liquified specimen of 60% relative density under a CSR
value of 0.09 (a) Change of sine wave load with number of cycles, (b) Change of cyclic
axial strain with number of cycles, (c) Change of pore water pressure ratio with cyclic

axial strain, (d) Stress path.

2.2. Calculation of Energy Dissipated Per Unit Volume

The method proposed by Green et al. [7], which is previously introduced in “Introduction”
was used as a guide. The analyses were employed on liquified test results, which are
presented in Table 1. In this regard, the energy-based pore water pressure calculation
procedure was not applied for 33 non-liquified tests. For example, for 80% relative density,
in experiment #3 in Table 1, for CSR=0.069 after 20 cycles, the PWP was 10.28%, while in
experiment #4 for CSR=0.101 after 20 cycles, the PWP was 22.89%. These values clearly
demonstrate that liquefaction did not occur in these tests.

The change in excess pore water pressure corresponding to energy absorbed per unit volume
(W) for a certain loading cycle can be calculated by use of the calculating the ratio of energy
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dissipated per unit soil volume to the initial average effective stress. Defined in Equation (3),
physical meaning of Wy is given in Figure 5.
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Figure 5 - Hysteresis loop of a cycle as a result of cyclic loading [7]
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Figure 6 - Calculation of the hysteresis loop area in 2™ cycle of Test #58 with CSR = 0.123

During cyclic loading, the energy consumed per unit volume for a soil sample is defined as
the area covered a by deviatoric stress-strain hysteresis cycle [7]. In a certain test, a hysteresis

81



Energy-Based Assessment of Liquefaction Behavior of a Non-Plastic Silt Based on ...

loop corresponding to each cycle is drawn, and the energy consumed (#) in that cycle is the
area limited by the relevant cycle. Therefore, the variation of deviatoric stress by axial strain
were plotted for each cycle. The areas covered by certain cycles in deviatoric stress-axial
strain plots were calculated. An example of the hysteresis loop area calculation is shown in
Figure 6.

2.3. Pseudo Energy Capacity (PEC) Calculations

The pseudo-energy capacity (calibration parameter) calculation called PEC is as important
as the W (energy consumed) in the 7, formulation given in Equation (1) as shown in Figure
7.

% o Measured r,

E 1.0 oo &

(=™ Ooc

g r,=0.65 ¢
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: -

E ==

=
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Figure 7 - An illustration of determination of PEC from dynamic triaxial test results [7].

To determine the PEC value of each experiment, first of all, ,/W/; from each cycle are
cumulatively calculated and plotted in abscissa (Figure 8).

Afterwards, experimental r, value at the end of the relevant cycle is plotted on ordinate and
the variation of r, with \/W; is obtained. A line is drawn (dashed line) from r», = 0.65,
intersecting the curve formed by the resulting r, - /W, data. Next, the red line in the figure

is drawn, between the origin and the curve, corresponding to a r, value of 0.65. Finally, this
red line is extended to the the horizontal line of 7, = 1.00 and the abscissa of the intersection

of these two lines is VPEC. Calculated PEC values are given in Table 1. Numerically, this
procedure simplifies to Equation 8:

_ Wsry=065
PEC = 0.4225 ®)

where W n-065 is the value of W corresponding to r, = 0.65. The term “pseudo energy
capacity” or PEC is used to label the calibration parameter to give a certain amount of

82



Alper SEZER, Caglar KUMASDERE, Nazar TANRINIAN, Eyyiib KARAKAN

physical significance to it over just a general curve fit parameter. PEC is approximately equal
to the energy dissipated per unit volume normalized by the initial effective confining pressure
in a sample up to the point of initial liquefaction.

Afterwards, W, and PEC values were substituted in Equation 1 to calculate 7, values. Lastly,
experimental and calculated pore water pressure ratio (r,) values were plotted against number

of cycles (V).
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Figure 8 - A sample PEC calculation for CSR = 0.137

3. RESULTS AND DISCUSSION

Using the procedure explained above, application of energy-based pore water pressure
models for sands on evaluation of pore water pressure development behavior of non-plastic
silts were analyzed. Figure 9 shows the pore water pressure ratio (7,) — number of cycles (N)
relationship for a test with cyclic stress ratio (CSR) 0f 0.119 at a relative density (D,) of 50%.
As can be observed, with increasing number of cycles, modeled r, values reaches 1 after
application of approximately 17 cycles. As can be observed, with increasing number of
cycles, modeled r, values reach to 1 after approximately 16.5 cycles. However, experimental
data show that same r, value was obtained after 17% cycle.

3.1. Comparison of calculated and experimental ru values

The relationship between pore water pressure ratio (r,,) and number of cycles (V) for liquefied
tests on specimens with relative densities ranging between 30% to 80% are given in Figure
10. Analyzing results of test performed under a CSR of 0.104, while the energy based 7,
values were higher than experimentally obtained r, values until the 14" cycle, it is clear that
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Figure 9 - An example of comparison of experimental and energy-based r, values.

the 7, values converge from 14" to 15.2™ cycle (Figure 10a). When CSR was increased to
0.123, it is observed that the modeled r, value reaches 1 after 2.6 cycles, while the
experimental r, value reaches 1 at the end of the 3™ cycle. Under a CSR of 0.154, it is
understood that the experimental 7, value can rise up to 0.93 and liquefaction is evident, while
the model results show that soil liquefies at an r, value of 1. Similarly, the maximum of
modeled 7, value for CSR = 0.166 is determined to be 0.88-which is also experienced in
reality (Figure 10a). As seen in Figure 10a, for D, = 30%, the number of cycles required for
r. to reach 1.0 decreased as the CSR value increased. For instance, the number of cycles
required for liquefaction for CSR values of 0.166 and 0.104 are 1 and 15, respectively.

Considering results of test of CSR = 0.137, it is observed that the onset of liquefaction is at
2™ cycle during the experiment, and the model shows that the specimen liquifies at 1.7
cycle. For CSR = 0.168, liquefaction is observed after 4" and 3.2 cycle, according to
experimental and model outcomes (Figure 10b). Likewise, for CSR = 0.190, although it is
seen that it liquefied after 5.1% cycle in reality, modeling results show that the soil liquefied
after 4.5" cycle (Figure 10b).

Analyzing results obtained from liquefied tests on specimens of D,=50%, although 7, value
calculated as a result of the energy-based analysis in all four liquefied tests shows a similar
trend with experimental results, it is seen that the model outcomes show liquefaction before
experimental outcomes (Figure 10c). Although it is found that the modeled 7, value in the
CSR = 0.119 test reached 1 in the 16.5" cycle, in reality, it is evident that the soil liquefies
after 17 cycle. For CSR = 0.149, r, value increased up to 1 after 6 cycles, model outcomes
state that , increased up to 1 after 5.2 cycles. In tests with CSR = 0.163 and CSR = 0.183,
experimental and modeled 7, values rise to 1, and the model and real behaviors are in
agreement with each other. In Figure 10c, analyzing behavior of specimen of D, = 50%, for
CSR = 0.183, the pore water pressure ratio reaches 1.00 after just one cycle.

Focusing on Figure 10d, for CSR = 0.112, liquefaction is initiated after 12 cycle and the
model outcomes show that 7, value reaches 0.97 after same number of cycles. At CSR =
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0.131, the experimental and model results show that the 7, value reaches 1 after 3 and 2.1
cycles, respectively. At CSR = 0.172, while it is observed that the experimental r, value
reaches a level of 0.90 and liquefies in the 1.27" cycle, it is calculated that modeled 7, values
reach to 1.0 even after 1.15" cycle. In the three liquefied tests with CSR values greater than
0.172, the r, values found as a result of the experimental and energy-based analysis follow a
similar trend, and liquefied around 1% cycle. In Figure 10d, the number of cycles required for
the 7, to reach 1.0 for both CSR = 0.217 and CSR = 0.193 has been determined as 1. When
CSR = 0.172, the number of cycles required for the r, to reach 1.00 is just over 1. For all
three liquefied specimens with D,=70% and applied CSR greater than 0.188; the number of
cycles in which r, values reaches 1.0 were same for energy-based model and experimental
outcomes (Figure 10e). For D, = 70%, the number of cycles required for r, to reach 1.0 for
CSR values 0of 0.211, 0.208 and 0.194 are equal to 1. In this case, as the CSR value increases
with the increasing relative density, it was shown that one cycle is sufficient when the number

of cycles required for liquefaction exceeds a certain CSR value.

1.00

100 _ +
z ) & Pl
s 080 £ 080
2 =
2 4
060 2 06 /o
H % ] f
5 P g
£ oa0 e & 040 i
P o 5 e
z e k3 W
Z 0w _‘__,-~-' === E 020 D, = %40
3 = (D, = %30 t
= g0 e = 000
A 3 4 & B % 9 B3 125 0dus a6 7 aE B B 0 1 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20

Number of Cyde, N

-8--CSR=0.101E

--#--CSR=01ME

—6—CSR=0101FB

—6—CSR=0154EB

~-a=-CSR=0123F

----CSR=0166 E

—4—CSR=0123FB

—o—CSR=0166 EB

Number of Cycle, N

--A--CSR=0.137E

—5—CSR=0.168 EB

—&—CSR=0.137EB

--#--CSR=0.190F

--m--CSR=0.168 E

—6—CSR=0.19 EB.

1.00 - ~ al
~ I's 2 /
2 S 080
S 080 / £
g 5
-] P K]
] P
] £ 00 _
2 060 2 r"*
Z - g o
g £ ox0 i
& 040 e 2 T
o f £ g
5 g z =
£ £ > o D, = %60
Z 020 ([ /& D, = %50 I~
2 JE 000
I 4 12 03 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0.00 .
Number of Cyele, N
0 1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16 17 18 19 20 Y
Number of Cycle, N C-CSR-0112D < CSR- 0112 ET e CsR-0131ET
-m--CSR=0.119F —=—CSR-0.119EB ---CSR=0.149F —e—CSR=0.149FB. "o CSR-0.172D O CSR-0172ET AT CSR-0.103 ET
A= CSR=0.163 E —A—CSR=0.163 EB --6--CSR=0.183E —o—CSR=0.183 EB - CsR-027D T CSR0217ET CSRZ0.10ET

100 > 1.00
3 080 £ /
3 ~ 050 Y
H Fi ‘ e
g H 7 -
£ 040 = ’ =
< & 040 s
H 2
% 020 D= %70 § 0.20 D, = %80
£ £
0.00
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 0.00 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Number of Cycle, N Number of Cycle, N ' ’
~-A--CSR=0IS4E  —&—CSR=0.154EB == CSR=0.188E —6—CSR=0.188 EB ~-#-CSR=0.194 E TR CSR-O110E —e—CSR-0110EB TSGR0 E SR8 EB

—E—CSR=0.194EB --@--CSR=0208E —6—CSR=0208 EB --%--CSR=0211E —%—CSR=0211 EB

k- CSR=0.182E
--®--CSR=0.205E

—&—CSR= 0,182 EB
—o— CSR = 0.205 EB

- %= CSR=0.108 E
-m--CSR=0.286 E

—%—CSR=0.198 EB.
—e— CSR = 0.286 EB

Figure 10- The relationship between r, and number of cycles - liquefied tests with D,=30%
to 80% (E = Experimental, EB = Energy-based)
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Results of test performed under CSR = 0.110 revealed that the 7, value escalated up to 1 in
the 20.1% cycle (Figure 10f). However, energy-based analysis concludes that the real 7, value
reaches a maximum of 0.95 in the relevant cycle, and liquefaction is initiated. At a CSR of
0.148, while the 7, value reached 1 in the 5.27" cycle during testing, model outcomes reveal
that r, value reaches 1 after 5 cycles. For a CSR of 0.182; r, reached 1 after 2.11 cycles, while
in the model outcomes, a value of 1 is reached after 1.95 cycles. When CSR exceeds 0.182,
all three specimens of D/=80% liquefied in the first cycle, and the model outcomes are in
accordance with experimental values. For dense specimens, when CSR is above 0.198, the
number of cycles needed for liquefaction is less than 1. At a constant CSR value, the number
of cycles required for liquefaction and pore water pressure ratio increased with increasing
relative density values.

3.2. Dependence of Cumulative /W on ru Values

In Figure 11, for six relative density values ranging from 30% to 80%, the variation of
cumulative V(Ws) at different CSR values with pore water pressure ratios was obtained. For
loose specimens, at smaller CSR amplitudes, increasing number of cycles causes a stepwise
increase ,/ W; values, causing r, values ascend to 1. Nevertheless, results of four experiments
in Figure 11 show different trends from those of the rest. In detail, the first test of Dr=60%
and CSR=0.190 liquified after one single cycle, and \(Ws) is calculated as 23.72. In the next
two tests on specimens with a D; value of 70%, under CSRs of 0.211 and 0.208, number of
cycles required to initiate liquefaction are 1 and 1.3, respectively. Corresponding V(Ws)
values are 25.20 and 25.53, respectively. In the fourth test, a high CSR value of 0.286 was
applied on specimen of highest relative density (Dr=80%), it expectedly liquified after one
cycle, and the V(Ws) value was calculated as 26.40. Considering common aspects of the last
four tests, high CSR values caused liquefaction of dense to very dense specimens after very
low number of cycles.
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Figure 11- The relationship between pore water pressure ratio and cumulative number
\Ws for liquefied tests with relative densities ranging between 30% to 80% and varying
CSR
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Figure 11- The relationship between pore water pressure ratio and cumulative number
\Ws for liquefied tests with relative densities ranging between 30% to 80% and varying
CSR (continued)

3.3. Variations of Accumulative Dissipated energy with the Number of Cycles

According to Yang and Pan [39] and Kokusho [40] and the dissipated energy (W) during
cyclic undrained loading can be calculated by finding the hysteretic area of each individual
stress—strain loop. In Figure 12, change of Wby increasing N by increasing CSR is presented
for a wide range of relative densities, starting from 30% to 80%. As shown in Figure 12a,
when the non-plastic silt is at a very loose state, accumulated energy after 15 cycles is 0.483
kJ/m3. Further increase in CSR decreased number of cycles below 2, and corresponding
accumulated energy is between 0.6 and 0.8 kJ/m’. When D,=40% and CSR=0.137,
accumulated energy after 5 cycles is 2.045 kJ/m3 (Figure 12b). For medium dense specimens
(Di=50% and 60%), similar behaviors were observed. For instance, when CSR=0.119, while
17 cycles cause accumulation of an energy of 0.84 kJ/m? (Figure 12¢), 12 cycles under a CSR
of 0.112 accumulate an energy of 0.45 kJ/m? (Figure 12d). Without hesitation, increasing
CSR caused decrease in number of cycles, while increasing accumulated energy at this
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density level. For dense specimens (Dr=70%), high CSR values of 0.211 and 0.208 caused
liquefaction before one single cycle and accumulated energy was calculated as 6.40 and 7.50
kJ/m? (Figure 12¢). At densest state, six CSR levels were applied ranging from 0.110 to
0.286. Accumulated energy for CSR of 0.110 after 20 cycles and CSR of 0.286 after one
cycle were obtained as 0.628 and 6.89 kJ/m®.

Figure 12 presents the variation in the accumulative dissipated energy with N for typical tests
for relative densities ranging from 30% to 80%. For the nonplastic silt under isotropic
consolidation, Figures 12(a) to 12(f) shows that the energy accumulation is insignificant at
the beginning but accelerates when the cyclic strain starts to develop rapidly for CSR=0.183
(Figure 12¢) and reaches a value of 3.28 kJ/m? when cyclic failure occurs with 5% double
amplitude axial strain. In Fig. 11d, although a larger energy dissipation is required for failure
for D=60% (Wr= 4.018 kJ/m*), W-N relationship exhibits a similar upward concave
tendency as that of dense samples (Dr=70% and 80%).
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Figure 12 - Variations of accumulative dissipated energy with the number of cycles for
30% to 80% relative densities and different CSR values
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The constraints of the model are limited by the conditions enlisted in Table 1. A wide range
of relative densities from 30% to 80% were used, use of relative density values out of this
range is inconvenient. The soil is a commercially available silt, which is free of coarse-
grained content. These results cannot be used for modeling silt behavior of different plasticity
levels. For each relative density, the tests were initiated by selecting a very small CSR value
and then the cyclic stress ratio was gradually increased until number of cycles to liquefaction
drops to one. Thus, the variation of CSR values could be analyzed in a very wide range.
About the potential sources of error, calculation of area covered by deviatoric stress-axial
strain plot is not prone to errors. However, the empirical approach for calculation of PEC can
be discussed. Since it is empirical, we found that this approach can be used for evaluation of
pore pressure development pattern of silts. Therefore, sources of error in modeling can be
associated with PEC value, further studies can discuss the method for obtaining PEC, by
performing cyclic tests on different types of soils. The changes in coefficient of determination
(R?) and root mean square error (RMSE) values for each modeling attempt is calculated and
tabulated in Table 1. Analyzing the results, it is observed that the performance of model is
higher for increasing CSR values, which can be observed by decreasing RMSE and
increasing R? values, regardless of the relative density (D;) value.

Z 1o-

5 %ﬁe " %0

0.1 — 50
0.16 S - D (%)
0.18 B
CSR 02 022 30
(a)

025
x 020
7
o
g
=1
I3 —E-Dr=80%
¢ 015 —0—Dr=70%
H A-Dr=60%
@ ~0-Dr=50%
S -0-Dr=40%
S o10 - Dr=30%

0.05

0.1 1 10 100
Number of Cycle, N (b)
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Lastly, Figure 13a presents a 3D plot of CSR, D; and N. It is clear that at lower relative
density and higher CSR values, the specimen liquifies after a lower number of cycles. On the
other hand, it was also observed that, for a certain CSR value, increasing relative density
causes an increase in number of cycles to liquefaction. Figure 13b also show that as the cyclic
stress ratio increases for any sample, the number of cycles to reach initial liquefaction
decreases.

5. CONCLUSIONS

In this study, the applicability of a previously proposed energy-based model for analysis of
the pore pressure development in sands on a nonplastic silt was questioned. In this regard, by
use of a previously published data set consisting of 61 cyclic triaxial test results was utilized.
The tests were performed at 6 different relative densities (D) ranging from 30% to 80% and
10 different cyclic stress amplitude ratios (CSR). In the current energy-based model, the key
parameters of pore water pressure development and shear deformation were determined as
relative density, cyclic stress ratio and number of cycles. In order to analyze these behaviors,
areas covered by 852 deviator stress—axial strain hysteresis loops of from these tests were
calculated. After calculation of area, PEC (Pseudo Energy Capacity) values were obtained in
order to calculate the energy-based pore water pressure ratio (7). Afterwards, the variation
of pore water pressure ratio with number of cycles in 28 liquefied test were obtained and
comparative pore water pressure — number of cycle plots of liquefied tests at each relative
density were presented. Following conclusions can be drawn from this study:

e The energy-based pore pressure behavior models proposed so far were mostly
applied for analysis of dynamic test results on clean sands. Applying the model by
use of test results on non-plastic silt specimens (28 liquefied tests from a total of
61), the concordance among the model outcomes and experimental 7, values were
provided.

e In 28 liquified tests, the model-based development pattern of energy-based pore
pressure ratios were in a similar trend with experimental records.

e In 50% (14/28) of the specimens liquefied, the modeled r, values reached 1 at lower
number of cycles, compared to experimental outcomes.

e When liquefied experiments with six different relative densities were examined;
particularly the specimens liquefied within the first cycle, the number of cycles in
real and model outcomes to reach a value of r, = 1 are approximately the same. For
this reason, a comparison of the experimental and energy-based r, revealed that,
differences between the number of cycles to reach liquefaction state was not
remarkable. However, the performance of energy-based model was better for
samples liquefied after 1 cycle. It should be noted that, the specimens liquefied in
earlier number of cycles, with reference to the experimental records.

e As the CSR values are reduced, it is observed that the modeling ability of energy-
based model is increased.
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The energy-based pore pressure development model, which was previously
proposed for clean sand soils, can be reliably applied to analyze behavior of non-
plastic silts.

Methods of estimating pore water pressure with constitutive models require a large
number of input parameters that are not easy to determine in the absence of advanced
laboratory test results. For this reason, it is thought that empirical or semi-empirical
models will be used more widely for a while. However, in cases where laboratory
test results are sufficient, energy-based pore pressure calculation yields very
efficient results.

The limitation of energy-based pore pressure modeling is that the test data should
be firm, and the entire stress-strain history of specimens should be known. However,
the advantage of energy-based studies is that there is no need to convert the
earthquake wave motion to equivalent number of cycles in stress-based studies.

Analyzing past studies, it was observed that experimental efforts are concentrated
on testing clean sands and sand-silt mixtures. This study demonstrates that the
energy-based pore water pressure model can also be used to simulate the pore
pressure generation behavior of non-plastic silts. Comparison of the test results with
model outcomes reveal that energy-based pore water pressure models are viable
tools for simulation of pore water pressure development pattern of non-plastic silts,
within a certain confidence interval. It should be emphasized that use of the model
is limited to only non-plastic silts, more effort is needed to prove the applicability
of method to a wide range of grain sizes, shapes, size distributions and plasticity
indices.
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ABSTRACT

The aim of this study was to investigate the possibility of using bio-oil obtained from
pinecones, olive mill pomace, and wheat straw as rejuvenators for the reuse of aged asphalt
binders. Additionally, the biomass used for bio-oil production was selected from waste
materials. Therefore, it makes great contributions to both the environment and the economy.
B50/70 bitumen was selected as the neat binder. The bio-oils used in the study were obtained
as a result of pyrolysis. Bio-oil rejuvenators at 5%, 10% and 20% by the weight of the binder
were added to the aged binder obtained from recycled asphalt mixtures to obtain
bioregenerated asphalts. The physical and rheological properties of bioregenerated asphalts
were investigated and not compared on neat and aged binders through penetration, softening
point, rotational viscometer and dynamic shear rheometer tests. In addition, the effects of
temperature and biooil content on complex modulus properties were examined using
response surface methods. It was found that while the bio-oils increased the penetration
values of the aged binders, they also decreased the softening point and viscosity values. The
bio-oils significantly modified rutting resistance of the aged binder. The addition of bio-oil
improved the viscous components and can rejuvenate the viscoelastic properties of aged
asphalt binders to that of almost the original level. In addition, response surface methods
results showed that the interactions between both independent variables were effective.
Finally, high coefficient of determination (R?) values indicated good agreement between the
actual and predicted values. It was recommended as a result of the study that 20%
concentration of bio-oil should be used to rejuvenate the aged asphalt binder for reuse in
pavement construction.
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1. INTRODUCTION

The consumption of bitumen used in road construction and maintenance has paved the way
for prices of bitumen obtained from petroleum crude to significantly increase [1-4]. In
addition, a trend to sustain environmentally friendly coating has started [2, 5-8].
Environmentally friendly pavement is the reuse of recycled pavement. Thus, instead of
traditional bitumen, alternative binders have been investigated. In this sense, reclaimed
asphalt pavement (RAP) is among the effective ways to decrease bitumen consumption [9].
Aging of asphalt binders during construction and service time poses a significant problem in
pavement engineering [10-12]. Oxidation and loss of volatile substances are the primary
reasons for aging of asphalt binders. They lead asphalt binders to increase in viscosity and to
be harder than fresh asphalt binders [13, 14]. In order to overcome these problems, many
types of rejuvenating RAP binders have been used [9, 15-19].

Of a number of renewable energy sources, bio-oil draws a considerable attention as a result
of its advantages such as wide range of sources, high efficiency and low prices [2, 20, 21].
Therefore, agricultural and natural biomass resources are of crucial importance. Although
grain, legumes, fruits and vegetables are the primary foods in human nutrition, they also lead
to a large amount of waste. Among them, wheat is one of the most common grain produced
in the world and in Turkey. The wastes of grain such as stem, straw, and stubble are called
agricultural waste [22]. These wastes produced as a result of their harvesting and processing
or left in the cultivated area cannot be utilized appropriately [23, 24]. The use of these wastes
for fuel is a widely practiced method. However, their burning results in greenhouse gases
which cause global warming. It is reported that only in Spain, 11 Tg (1 Tg=109 kg) of carbon
dioxide, 23 Gg (1 Gg=106 kg) of nitrogenous compounds and 80 Gg particulate matter are
released into the atmosphere annually due to the burning of grain wastes [25]. In addition,
many animals will be burned as a result of the burning of stubble. Therefore, the use of straw
waste as a rejuvenator will offer great benefits to the economy, environment and ecosystem.
Wheat straw is obtained as a plentiful by-product of wheat, which is produced 529 million
tons/year worldwide. Asia provides 43% of global wheat production and is the largest
production region. The typical harvest of wheat straw is 1.3-1.4 kg per kg of wheat grain.
Having an area of 78 million hectares, Turkey has a rich ecological diversity. Forests have a
remarkable place in this richness in terms of species and composition. As of 2020, forest
areas covered 29.4% of the country's area. In addition, the pine forests in Turkey cover 54,000
ha?. The General Directorate of Forestry reported that the total pine cone production was
approximately 3500 tons in 2006. In the world, extensive amounts of cone are produced every
year in pine fields grown especially for the pulp and paper industry [26]. Olive mill pomace
is a by-product from olive oil factories and is an important biomass in Mediterranean
countries. It is a solid waste which is composed of olive seeds and pulp as a result of olive
oil production. In olive oil production, “oil-free olive mill pomace” is obtained by removing
the 2-12% of oil in “crude olive mill pomace”. In world olive oil production, Turkey follows
Spain, Italy and Greece. In Turkey, 1.000.000 tons of olives and olive oil are produced
annually and approximately 450,000 tons of olive mill pomace is obtained. Similar to other
wastes, olive mill pomace is generally used as fertilizer or for fuel in industry [27]. Bio-oil is
mainly produced through biomass pyrolysis process. Pyrolysis are divided into two types as
slow pyrolysis and fast pyrolysis. The difference between slow and fast pyrolysis is the
residence time in the pyrolysis process. Although the residence time of the latter is less than
10 seconds and the residence time of the former differs from 5 minutes to 12 hours [28]. As
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a result of pyrolysis, three main components are produced, including biochars, gases and
liquids. The liquid is considered bio-oil [29-31]. Bio-oils have been increasingly used to
modify or partially replace asphalt binders [2, 32, 33].

Previous studies revealed that bio-oils are able to soften asphalt binders and contribute to
enhancing their low temperature performance [34, 35]. Furthermore, some researchers
focused on the potential of reclaimed asphalt pavement to be restored to its original condition.
Several types of bio-oil such as waste vegetable oil, organic oil and distilled oil can be used
as rejuvenators. The rejuvenation effects differ depending on the types of resource. In
particular, it rejuvenated the aged binder by reducing the performance grade of the aged
binder with a waste vegetable oil content of 12 wt% from PG 94-12 to PG 64-22. Therefore,
the cracking resistance of the binder decreased [17]. By adding 1.75-2% by weight to the
aged binder, the bio-oil rejuvenator obtained from biodiesel residue increases the crack
resistance at low temperature by compensating for the loss of light components of the aged
binder [36]. Waste cooking oil with a concentration of 3-4% by weight can rejuvenate the
physical and rheological properties of bitumen with a penetration degree of 40/50 by
approximating those with a penetration degree of 80/100 [37]. In their study, Rzek et al.
obtained rejuvenator through the waste tires pyrolysis. They added the rejuvenators to the
recycled asphalt mixtures at three different rates. They concluded that the addition of a
recently developed alternative rejuvenator at the rate of 20% increased the utilization rate of
the reclaimed asphalt. The standard mechanical tests and rheological tests applied to the
asphalt mixtures showed that the addition of this alternative rejuvenator to the asphalt
mixtures could increase the recycled asphalt ratio up to 60% [38]. Avsenik et al. investigated
the effect of bio-oils produced as a result of the pyrolysis of waste tires on aged bitumen.
They used lab-aged bitumen with a penetration degree of 50/70 using reference short- and
long-term aging procedures. They evaluated the effect of rejuvenating addition at four
different rates (3%, 5%, 10% and 20%) on aged and unaged bitumen through standard
mechanical and rheological tests. The mechanical and rheological experiments indicated that
the rejuvenator was suitable for the modification of aged bitumen [39]. Nizamuddin et al.
used bio-oil produced from hydrothermal liquefaction of waste plastic films (linear low-
density polyethylene - LLDPE) for the rejuvenation of laboratory aged bitumen. The neat
binder caused the aged binder to harden; however, they determined that bio-oil rejuvenator
significantly softened the aged binder [40]. Mirhosseini et al. conducted a laboratory-based
research study evaluating the performance of asphalt mixtures prepared with binders
modified with palm kernel oil (DSO) containing different components. They determined that
while the rutting performance of the mixtures deteriorated, the addition of DSO increased the
fatigue life of samples containing 20% RAP by up to 15% [41].

Mostly, the properties of bio-rejuvenators rely on the biomass. To the best of the researchers
knowledge, there are no studies on rejuvenation of RAP binder in which a bio-oil produced
from wheat straw, pine cone and olive mill pomace is used as a rejuvenator. The usage of
bio-oil as a rejuvenator to recycle the aged binder allows the reuse of waste biomass resources
and waste construction materials, which contributes to the environment and sustainable
development. In this study, the physical and rheological properties of bio-rejuvenated binders
were examined. To do this, bio-based rejuvenators obtained from wheat straw, pine cone and
olive mill pomace were used to rejuvenate the aged binder of RAP. In addition, the effect of
these three different biorejuvenators on the aged binder was evaluated by comparison. In
addition, the effect of these three different biorejuvenators on the aged binder was compared.
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2. MATERIAL AND METHODS
2.1. Neat binder and reclaimed asphalt pavement

B50/70 grade bitumen obtained from TUPRAS Batman Refinery was used in the study. The
general properties of the bitumen are shown in Table 1. In addition, single-source reclaimed
asphalt pavement (RAP) obtained from Elazig Municipality, Turkey was used. It was stored
in sealed containers to prevent environmental effect. The reason for using this RAP material
was that B50/70 grade bitumen was used in the initial production phase. The aim of this study
was to add rejuvenators to the RAP binder and restore the initial hardness of bitumen.
Therefore, B50/70 grade bitumen was preferred as neat bitumen. In order to choose HMA
mixing and compaction temperatures, equiviscous temperature ranges are also established
using the rotational viscometer [42]. Viscosity-temperature graphs are used to calculate
mixing and compaction temperatures.

Table 1 - General features of bitumen

Properties Unit Standard Results
Penetration dmm  EN 1426 56
Softening point °C EN 1427 53.3
Flash Point °’C ENISO 2719 245
Density g/lem®*  ASTM D70-18a 1.015
Elastic Recovery % EN 13398 30
Viscosity 135°C /165°C cP ASTM D4402 737.5/225
Mixing temperature range °C - 159-165
Compaction temperature range C - 145-151

2.2. Biomass

In the study, ground wheat straw, ground pine cone and olive mill pomace were used as
biomass sources. The materials were obtained from Canbaylar company located in the
province of Elazig. In order to use material with the same granule size, the materials passing
through No. 30 sieve were used. Thus, it was aimed that the size of the biomass did not have
an influence on the experimental results.

2.3. Properties of the Reclaimed Asphalt Pavement (RAP) Material

The RAP used in the study was made on the RAP taken from the Elaz1g central highway.
This RAP material is milled from a highway that has been used for 10 years. The bitumen
properties of this RAP material used 10 years ago were taken from the 8th Regional
Directorate of Highways. For this reason, the reference 50/70 bitumen was chosen. Sampling
of the RAP material was carried out in line with the EN 932-1 standard [43]. An extraction
experiment was performed to examine the gradation of the reclaimed asphalt pavement
material (Figure 1a). As a result of the extraction experiment, the amount of bitumen in the
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RAP material was determined as 4.6%. The aged binder separated from the reclaimed asphalt
binder through extraction was recovered using a rotary evaporator consistent with the TS EN
12697-3+A standard [44] (Figure 1b). The bitumen content was determined by performing
50 extraction experiments. Throughout the study, reclaimed aged binder was used.

—7 vl N\

Figure I - a) Extraction device b) Rotary evaporator

2.4. Bio-oil Production

Three different rejuvenators obtained from bio-based agricultural products were used.
Accordingly, wheat straw, pine cone and olive mill pomace bio-oil were used in the study.
In order to use material with the same granule size, they were sieved through No. 30 sieve.
Thus, the size of the biomass was selected so that it prevents affecting the experimental
results. A slow device was used for the pyrolysis of biomass. The slow pyrolysis experimental
setup consisted of a high temperature resistant cylindrical vessel with an inner diameter of
150 mm and a height of 240 mm in which the biomass was placed, a programming device
box where the test temperature could be adjusted, a water-cooling system and a chamber
where the biogas was condensed into oil after cooling. The slow pyrolysis experimental setup
is shown in Figure 2a.

In the study, 1000 grams of biomass was placed in the chamber of the device each time in
order to eliminate the effect of biomass amount on the carbonization. Accordingly, 1000
grams of dried biomass sample was exposed to pyrolysis at 500°C in a fixed bed slow
pyrolysis setup shown in Figure 2b. This temperature was preferred on the basis of the studies
in the literature [45]. Liquid pyrolysis product (bio-oil) was obtained as a result of condensing
the pyrolysis vapors in a water-cooled condenser. In addition, non-condensable pyrolysis
gases were burned and disposed of in a fume hood at the exit of the setup. The pyrolysis
process was continued until the gas output stopped. The obtained liquid pyrolysis product
and pyrolysis residue biochar were cooled and then weighed. By subtracting the total weight
of the products from the amount of dry biomass used initially, the amount of non-condensed
gas product was calculated. The results are presented in Table 2. The liquid products (Figure
2) were subjected to a vacuum evaporation (Heidolph rotary evaporator) process at 80°C and
200 mmHg pressure in order to separate the water and organic acids from the oil phase in a
vacuum rotary evaporator since they contained a high percentage of water (Figure 1). As a
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result, high viscosity oil products were obtained for pine cone, olive mill pomace and wheat
straw, in which organic acids such as water and acetic acid were removed at a rate of 12.75%,
11.56% and 10.95% by weight, relative to the amount of dried biomass.

Figure 2 - a) The slow pyrolysis experimental setup, b) Bio-oil and water samples obtained
as liquid product as a result of pyrolysis

Table 2 - Yields of liquid bio-oil, bio-char and non-condensed gas obtained as a result of
pyrolysis of biomass

Biomass % Bio-oil yield % Bio-char yield % Gas yield

Pine cone 37.92 32.09 29.99
Olive pomace 31.83 32.52 35.65
Wheat straw 27.13 31.57 41.30

2.5. Preparation of Modified Bitumen

In the study, it was aimed to bring the traditional and rheological properties of aged bitumen
closer to the traditional and rheological properties before aging. The purpose of using the
three ratios in the study is to capture the traditional and rheological properties of the aged
binder and the traditional and rheological properties of the unaged binder. Three different
ratios (5%, 10% and 20%) were used for the bio-oils. The modified bitumen used in the study
was prepared as stated below.

First, the aged binder obtained from RAP was heated in a vacuum furnace at 140+5°C for 30
minutes to become fluid. The fluidized bitumen was poured into the metal chamber of the
mixer as 400 grams and placed inside the thermal jacket on the heater source conditioned at
140+5°C to provide a homogeneous heat source, and then waited until the heater reached
thermal equilibrium. Rejuvenators at different percentages by weight of the determined
bitumen were added into the hot bitumen and mixed with a mechanical mixer operating at
500 rpm for 40 minutes, and modified bitumen was obtained. The same procedure was
followed for all rejuvenators. This modification was preferred on the basis of the studies in
the literature [13].
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After the mixing process was completed, the obtained modified bitumen was transferred to
the glass beaker. The same procedure was adopted for mixing each time in order to avoid its
interference the test results [45]. Two sets of modified bitumen were prepared for each
modification process. Three samples were prepared for each experiment. The abbreviations
used for bituminous binders are shown in Table 3.

Table 3 - The abbreviations used for bituminous binders

Biomass Bio-oil content (%)
0 5 10 20
Pine cone KS K10 K20
Olive pomace P5 P10 P20
Wheat straw S5 S10 S20
Neat binder SB
Recycled aged binder RAP

2.6. Conventional Properties Test

Conventional physical properties of the asphalt binder were determined, including
penetration (ASTM D5) and softening point (ASTM D36) at 25°C.

2.7. Rotational Viscometer Test

The rotational viscometer (RV) test is used to determine the viscosity characteristics of
bituminous binders at high temperatures. The rotational viscometer values of bituminous
binders were determined using a Brookfield DV-III device according to ASTM D44402
standards. In the study, viscosity values of neat binder samples and samples of binders with
waste oils were measured at two different temperatures (135°C and 165°C).

2.8. Dynamic Shear Rheometer Test
Determination of complex shear modulus (G*) and phase angle (9)

Dynamic shear rtheometer (DSR) is a test method used to characterize viscous and elastic
behaviors of bituminous binders and moderate and high temperatures. In the DSR test, the
complex shear modulus (G*) and phase angle (8) of binders are determined. Permanent
deformation is controlled by limiting them to 1.0 kPa for unaged original binders [46]. The
tests were conducted by using Bohlin DSR-II rheometer on neat and modified bitumen
according to ASTM D7175 standards. The tests were also conducted with a plate with 25
mm diameter and 1 mm plate clearance at 1.59 Hz frequency value, and at 52°C, 58°C, 64°C,
70°C, 76°C, 82°C and 88°C.
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Multiple stress creep recovery (MSCR) test

In this study, the multiple stress creep recovery (MSCR) test was conducted according to
AASHTO T350 standards on neat binders and binders with waste oils, which were prepared
according to T315 [47] standards, by using 25 mm plates at 64°C, 70°C, 76°C, 82°C and
88°C. The test is conducted by applying 10 cycles of 0.1 kPa stress and 10 cycles of 3.2 kPa
stress at different temperatures (Figure 3). Each cycle consists of 1 second of shear stress
application and 9 seconds of the recovery period. However, this characterization contradicts
the purpose of the MSCR test, where non-recoverable strain accumulates gradually at both
loading rates. Therefore, 0.1 kPa cannot represent the LVE behavior of the material. With
this test, whether the rejuvenators in neat binders affect the elastic recovery and rutting
characteristics is determined. With the MSCR test, two parameters are obtained according to
AASHTO M332. These are the percentage of recovery (R) and permanent creep compliance
(Jur) values. For bituminous binders, the mean recovery rates (R) of binders are calculated
according to formulas 1 and 2 at 0.1 (Ro.1) and 3.2 (R32) kPa shear stress levels [48].

> L6, (0.1,N)]

_ =11 1
Ry =S —— 0

> [£,3.2,N)]

Ry, = N:IT 2

Here, & (0.1, N) and & (3.2, N) represent the percentage of recovery at N number of cycles
and 0.1 and 3.2 kPa stress levels, respectively while N represents the number of cycles at any
level of stress. It was determined that the J,- parameter provided a better correlation with
rutting resistance according to Superpave PG criteria [49, 50]. The calculations of the fit
values for permanent creep for 0.1 kPa (J, 0.1) and 3.2 kPa (J.: 3.2) were presented in
Formulas 3 and 4 while the calculations of the Ju.girr value were presented in Formula 5.

i [Jnr(0.1,N)]

JnrO.l = Nl 10 (3)
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Figure 3 - Schematic representation of the MSCR system

2.9. Method of Analysis and Design of Experiments Using RSM

Response surface methodology (RSM) is a statistical instrument used in the design of
experiments to increase relationships between a number of independent factors and one or
more responses via mathematical concepts. In addition, it can be used to optimize the variable
of response within factors in the experiment. Although RMS choice is based on the number
of experimental factors and the variation level of each factor, central composite design (CCD)
is largely used for its appropriateness in sequential experiments and providing the best quality
predictions through the whole design space [51, 52]. In order to develop an experimental
design, to provide mathematical models and statistical analysis of responses and to obtain
optimal solutions for the parameters, Design-Expert v12 was used. Finally, it is calculated
depending on the input parameters using the RSM, which is then evaluated for the choice of
the most appropriate model that fits the correlation between the input and output parameters
[36]. In this study, the effects of two input parameters, namely bio-oil in the range of 5-20%
and temperature between 52°C and 88°C, were analyzed. It was calculated based on central
composite design (CCD). Related studies and preliminary results in the literature were
applied to reveal input parameters and corresponding domains of significance [20,21,29,37-
41]. CCD is the most frequent and effective method used to statistically evaluate the
interaction between independent variables and responses over the experimental range
[26,27,42]. Based on the input parameters, five center point replicates were performed to
allow robust evaluation of errors, with the RSM running in random order for the individual
responses analyzed. Linear models developed through RSM were used for data design and
analysis. The numerical variables of the experiments are converted into coded form using the
following equation.

Xi—X
Xi==5 ©

Here, X; is the ith independent factor coded value, Xi, Xy, are the actual values of the center
point; here AX, represents the step change for the ith variable. The appropriate quadratic
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polynomial model suggested in the literature was used for the prediction of optimal
conditions as shown in the following equation [53, 54]:

n
Y =8, +i§1 Bix; + Z B11X1 ljg [31JxlxJ € (7)

Y is the calculated response, Po is the constant value. Independent variables in coded form
are defined as x; and x;. The coefficients f; and B; are linear and quadratic terms. B is the
coefficient of interaction term, ¢ is the random error and the number of factors is defined as
n. In addition, analysis of variance (ANOVA) was run to examine the appropriateness of the
proposed model. The coefficients of determination (R? and R%,) express the goodness of fit
to the suggested model. These values can be determined using the equations below [43]:

R2 —1- 55 esidual (®)

SSmodel + SSresidual

2 _ 1- Ssremdual / DE res1dual ©)

R™,.
adj
(Ssmodel SS1res1dual)/(D model DI:1res1dual)

where R, and R?,4; represent the determination coefficients; SSres, SSmod, and DFres, DFimod
represent the sum of squares and degrees of freedom for residual and models, respectively.
The F-test was used at a 95% confidence level for the proposed models that were statistically
appropriate and represented based on the p-value. Also, the F test was used to verify the
adequate precision (AP) of the model, and the data-set variability was controlled through
Standard Deviation (SD).

3. RESULTS AND DISCUSSION
3.1. Conventional Properties

Figure 4 shows the penetration and softening point values of the binders. Penetration values
of bio-oil modified bitumen increased linearly with increasing additive content. The neat
binder provided the highest penetration value and RAP binder provided the lowest
penetration value. All the bio-oils rejuvenated the aged bitumen. It was found that the most
effective bio-oil was the one obtained from the pine cone. Compared to the RAP binder, 5%
bio-oil content did not significantly increase the penetration value. Penetration values of K5,
K10 and K20 binders increased by 1.5, 2.1 and 3 times, respectively, compared to the
penetration value of RAP binder. It was also found that the penetration values of P5, P10 and
P20 binders increased by 1.3, 1.7 and 2.5 times, respectively, compared to the penetration
value of RAP binder. Finally, compared to the penetration value of the RAP binder, the
penetration values of S5, S10 and S20 binders were found to increase by 1.4, 1.9 and 2.4
times, respectively. As a result, it was found that the aged bitumen softened due to the
addition of rejuvenators to the aged bitumen obtained from the recycled bitumen mixture.
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Figure 4 - Conventional properties of asphalt binders

There was a linear relationship between softening point values and biooil content. It was
revealed that the softening point values of the RAP binder decreased with the addition of
rejuvenators to the RAP binder. Additive contents of 20% provided almost similar softening
point values. Especially after 10% additive content, softening point values of bio-oil
modifications differed. The softening point value of the bitumen obtained from the recycled
asphalt mixture was 1.41 times higher than that of the neat binder. This value decreased
because of the fact that the rejuvenators had the feature of softening the bitumen. With the
addition of 5%, 10% and 20% of the bio-oil additive obtained from pine cone to the bitumen,
the softening point values decreased by 10.8%, 10.72% and 25.2%, respectively, compared
to the RAP binder. The softening point values of P5, P10 and P20 binders decreased by
11.72%, 13.11% and 30.14%, respectively, compared to those of the RAP binder. Finally,
softening point values of S5, S10 and S20 binders decreased by 6.43%, 11.34% and 29.38%,
respectively, compared to the RAP binder. Among the three bio-oils, the most effective bio-
oil in the softening point values was the one obtained from olive mill pomace. As a result, it
was revealed that all three bio-oils had softening properties on the aged binder. When added
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to the aged binder (RAP binder) at a rate of approximately 20% from all three bio-oils, it was
seen that it reached the softening value before aging (neat binder).

3.2. Viscosity and Workability Requirement

The variation in the viscosities of the neat and modified binders at 135 °C and 165 °C are
shown in Figure 5, respectively. As the additive content of biooil modified bitumen increased,
a decrease was observed in viscosity values at both 135 °C and 165 °C. It was found that the
viscosity value of the RAP binder at 135°C was 6338 cP which is 2.11 times the standard
condition of 3000cP. In addition, negative effect on workability was revealed. Although the
viscosity value of the unaged binder at 135°C was 675 cP, the viscosity value of the binder
as a result of aging was 6338 cP, which indicated the effect of aging. The change in viscosity
trend was similar for 135°C and 165°C. The addition of rejuvenators to the aged binder
removed this problem. As the amount of bio-oil added to the aged binder increased, the
viscosity values of the aged binder decreased and reached almost the pre-aging viscosity
value. Compared to the aged binder at 135°C, bitumen modified with the biooil obtained from
pine cone at the rate of 5%, 10% and 20% provided 52.67%, 54.43% and 83.83% lower
viscosity values, respectively. At 165 °C, it provided 35.52%, 39.47% and 69.74% lower
viscosity values than the RAP binder, respectively. Bitumen modified with the biooil
obtained from 5%, 10% and 20% olive mill pomace had 46.54%, 57.98% and 87.18% lower
viscosity, respectively, than the aged binder at 135°C. At 165 °C, it gave 30.26%, 43.42%
and 72.37% lower viscosity values than the RAP binder, respectively. Bitumen modified with
the biooil obtained from 5%, 10% and 20% wheat straw provided lower viscosity values of
38.86%, 57.59% and 86.59%, respectively, compared to the aged binder at 135°C. At 165°C,
it gave 28.95%, 42.11% and 71.84% lower viscosity values than the RAP binder,
respectively. As a result, it was revealed that the use of bio-oil obtained from pine cone, olive
mill pomace and wheat straw as a rejuvenator decreased the viscosity value of the aged binder
and almost restored the original viscosity value. Among the bio-oils, the most effective bio-
oil for viscosity values was pine cone at 5%, and olive mill pomace at 10% and 20%.
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Figure 5 - Viscosity values of binders
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The enhanced fluidity of the biooil and the higher content of light compounds in the biooil
may play a role in the reduced viscosity of the aged binder. All the viscosity tests indicated
that the biorejuvenators can reduce the stiffness of the aged binder. It was concluded that a
concentration of 20% bio-rejuvenator is sufficient to rejuvenate the aged asphalt binder to be
reused in pavement construction. The findings in the literature is in line with this conclusion
[55-57].

3.3. Complex Shear Modulus (G*) and Phase Angle ()

Figure 6 shows the change in shear modulus of neat and modified binders with increasing
temperature. As the temperature increased, the shear modulus decreased logarithmically, and
this decrease showed a similar trend for all connector types. Accordingly, the shear modulus
decreased by about 50% for every 6 degrees of temperature increase, while the G*/sind value
of the SB binder decreased below 1000 Pa at 76 °C, the K20, P20 and S20 binders provided
1623 Pa, 1092 Pa and 1658 Pa G*/sin § values at 76 °C, respectively. On the other hand, the
RAP binder gave a G*/sind value of 21270 Pa at 76°C. Except for the neat binder, all binders
do not fall below the limit condition of 1000 Pa at 88°C. Except for the neat binder, all binders
did not decrease below 1000 Pa at 88°C which is the limit condition. After 76°C, the G*/sind
values approximated to each other. It was determined that all three bio-oils reduced the high
temperature performance level of bituminous binders, which is an indication of rejuvenating
effect. The rejuvenation rate of the aged binder increased with the increase in the amount of
bio-oil. The most effective results were obtained from pine cone at 5%, and olive mill pomace
at 10% and 20%.
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Figure 6 - Change in the G*/sind considering temperature of the bituminous binders

The results revealed that the properties of unaged bitumen were acquired by adding bio-oils
to the aged binder, which suggests that bio-oils can be used as rejuvenating agents. The
rutting parameter (G*/sind) is used to determine the asphalt binder's resistance to permanent
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deformation at high temperature. As shown in Figure 6, after the addition of all three bio-oils
to the aged binder G*/sind values decreased compared to the aged binder. As the amount of
added biooil increased, the decrease in G*/sind values increased. G*/sind values of RAP,
K20, P20, S20 and SB binders at 88°C were found to be 41750, 3167, 2108, 3267 and 1658,
respectively. The higher light components and viscous content in the bio-oil are capable of
stabilizing the chemical components of the aged binders and thus restoring rutting resistance
to a great extent. The results of this study showed that bio-oils rejuvenated the aged bitumen
and approached the G*/sind value of the bitumen to that of unaged bitumen (50/70). In
addition, the results also indicated the positive results of the bio-oils obtained from the three
waste products. The studies in the literature support the results of this study [56, 57].

Figure 7 shows the change in the phase angles of the binders with temperature. The phase
angle is used to characterize the viscoelastic properties of asphalt binders. The larger the
phase angle is, the more viscous components present in the asphalt binder. The phase angles
of all binders increase with the increase in temperature and they exhibit a more viscous
behavior. The changes in the phase angle values of the three bio-oil modifications were
comparable. It was observed that the phase angle values of the bio-oil rejuvenators increased
as the temperature increased. A further increase in phase angle values was observed after
10% biooil content. Oxidation and evaporation of some light compounds paved the way for
the aged asphalt binder to have less viscous components than the untreated asphalt binder.
As the bio-oil content in the aged binder increased, the phase angle value also increased. The
phase angle value of the aged bitumen obtained from the recycled asphalt mixture was 62.01
at 70°C and the phase angle value before aging was 81.97. The aged binder provided 1.32
times higher phase angle value than the unaged binder due to the effects such as
environmental, climate and traffic in asphalt mixtures. Phase angle values of SB, RAP, K5,
K10, K20, P5, P10, P20, S5, S10 and S20 binder at 52°C were 72.06, 52.96, 59.01, 59.12,
67.49, 58.38, 59.87, 71.08, 56.51, 59.00 and 63.52, respectively. 58.38, 59.87, 71.08, 56.51,
59.00 and 63.52phase angle values at 88°C were 88.7, 71.13, 76.72, 76.65, 82.00, 75.95,
76.58, 84.53, 73.44, 75.99 and 80.11, respectively. The examination of the values indicated
that binders with 20% bio-oil content provided approximately the phase angle value of the
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Figure 7 - Change in the phase angles considering temperature of the bituminous binders
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unaged neat binder. As a result, it was found that the addition of bio-oil improved the viscous
components and could rejuvenate the viscoelastic properties of aged asphalt binders to the
similar level as that of the original bitumen. This is also one of the reasons why the viscosities
of binders rejuvenated with bio-oils are much lower than that of aged asphalt binders. The
results were in line with rotational viscosity results. Similar results were reported by Zhang
et al. [57]. It was found that the most effective bio-oil was the one obtained from olive mill
pomace.

Figure 8 shows the changes in the shear modulus corresponding to the phase angle of the
three bio-oil modifications for different temperatures. As the amount of bio-oil used in the
aged binder increased, the phase angle values increased and the G*/sind values decreased.
P20 binder provided the closest values to that of the unaged binder (SB). These results
suggest that bio-oils can be used as rejuvenators in aged bitumen.
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Figure 8 - Change in shear modulus versus phase angle

3.4. MSCR Test and Results

Figure 9 shows the variation of Juw1 values of K, P and S added binders with temperature.
The Juo.1 values of the binders increased with the increase in the temperature. The increase
was significant after 76°C. In the study, the J,: values of the S20 binder increased the most.
The RAP binder had the lowest J,; value. However, with the addition of bio-oils to the RAP
binder, J, values increased. Adding 10% bio-oils approached the J, values of the RAP binder
to that of the SB binder. As a result of the addition of 5% and 10% bio-oil to the RAP binder,
Jur values provided comparable results. S20 was the fastest increasing binder after 76°C. At
64°C, I, values of all binder were close to each other. The J,. values of RAP binders with
5% and 10% content have different values, especially at high temperatures. In all three
modifications, it was observed that the J,: values increased significantly with the increase in
the additive content. Especially after 10% additive content, there was a significant increase
in J,r value. At low additive contents such as 5% K, 5% P and 5% S, J.r values did not change
significantly. Jnr.1 values increased with the increase in the temperature. The highest increase
in Juro.1 values occurred in wheat straw bio-oil. The J,,r values of binders with 20% S additives
increased by 5.22, 4.75, and 5.71 times at 64°C, 70°C and 76°C, compared to the SB binder.
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The J,.r values increased by 4.20, 4.10, and 4.99 times in 20% P added binder and 1.91, 1,88,
and 2.90 times in 20% K added binder. The highest J0.1 value was observed at 88°C for all
added binders. K-added binders had the lowest Ju0.1 values.
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Figure 9 - Change in the J,0.; considering temperature of the bituminous binders

The change in the additive content and J, values of the binders at the high shear stress level
(3.2 kPa) at 64°C is shown in Figure 10. At this stress level, a rapid increase in Jnr values
was observed with the increase of bio-oil content. As the load applied to the binder increased,
the Jnr values decreased. The J,,r values of binders containing 20% bio-oil were close to each
other until 82°C. With the increase in temperature, the Jy32 values also increased. S20 binder
had the highest J,3.2 value and RAP binder had the lowest Ju3, value. Binders containing
10% bio-oil had Ju3, value close to that of unaged binder (SB). Different J,.3, values were
observed in all three additive types at 88°C. Although the additive content did not have a
considerable effect on Ju3 at low temperatures, it produced an effect at high temperatures
(82°C).
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Figure 10 - Change in the J,,3 considering temperature of the bituminous binders
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Binders with 5% and 10% additive content provided comparable J.3, values at all
temperatures except 88°C. There was a sudden increase in Ju32 values in the contents after
10% biooil content. J,3.2 values increased at high temperatures. Accordingly, the effect of
additive ratios on J3, was greater at high temperature in all three modifications. With the
increase in temperature, both Ju3, values and the difference between Ju3. values increased
significantly.

The elastic recovery values of all binders decreased with the increase in the temperature
(Figure 11). The elastic recovery values of the RAP binder decreased as the amount of biooil
added to the RAP binder increased. RAP binder provided the highest elastic recovery value
and S20 binder gave the lowest elastic recovery value. Especially, the elastic recovery values
of P20 and S20 binders were close to those of the unaged neat binder (SB). The elastic
recovery values of RAP binders containing 5% and 10% bio-oil were between 50% and 60%.
It was found that the elastic recovery value of the RAP binder at 76°C increased 5.3 times
compared to the neat binder (SB). These results revealed that there was an increase in the
elastic recovery values of the aging bitumen and that the added bio-oil rejuvenated the aged
binder. The addition of 20% wheat straw bio-oil to the RAP binder at 76°C decreased the
elastic recovery value from 53% to 8%. Similarly, addition of 20% P bio-oil to the aged
binder decreased the elastic recovery value 50% to 8%, restoring it to that of SB binder. These
results verified the rejuvenation of the aged binder. At 82°C, the elastic recovery value of the
K20, P20 and S20 binders decreased by 68.2%, 86.6% and 86.6%, respectively, compared to
the Ro.1% values of the RAP binder.
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Figure 11 - %R — temperature relationship at 0.1 stress level

Figure 12 shows the change in elastic recovery values of K, P and S modified binders at 3.2
stress level with temperature. The decrease in the %R values with the increase in temperature
was more evident in P and S modification. Although there was a rapid decrease until 76°C,
the rate of decrease declined after 76°C. RAP binder had the highest elastic recovery value
and the P20 and S20 binders had the lowest values. When the temperature increases from
64°C to 76°C, binders with 20% K, 20% P and 20% S lost 54.5%, 100% and 100% of their
flexibility, respectively. As at low stress level, elastic recovery values of all modified binders
decreased with the increase in temperature at high stress level. In all three modifications, the
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elastic recovery values decreased when the stress increased from 0.1 kPa to 3.2 kPa. High
additive ratios were more effective at high stresses than at low stresses. In contrast, the
elasticity values decreased with increasing stresses. Although the elasticity of the P20 binder
at 0.1 kPa stress level was 38% at 76 °C, it decreased to 19% at 3.2 kPa stress level. Under
the same conditions, the elasticity of K20 and S20 binders decreased from 37% and 42% at
0.1 kPa stress level to 12% and 27% at 3.2 kPa stress level.
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Figure 12 - %R — temperature relationship at 3.2 stress level

The fact that the difference (Juwifr) between the creep recovery of the binders at 0.1 and 3.2
kPa stress levels was greater than 75% indicated sensitivity to rutting. The change in Jywaisr
values of the binders is given in Figure 13. There was not a significant change in the Juier
values for all modifications. The Jywirr values increased as the biooil content increased. With
the increase in temperature, Juqirr values increased in all three modifications and when the
additives were used together. The binders, except for P20, did not satisfy the 75% limit
requirement at 82°C. At 88°C, K10, K20, P10, P20 and S20 met the limit requirement. RAP
had the lowest Juqier value and P20 had the highest value.
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Figure 13 - Change in Juqiyy values of binders

112



Beyza FURTANA YALCIN, Mehmet YILMAZ

Table 4 - Overview of the binder grading according to PG and MSCR systems

Binder Type G*/sind (kPa) AASHTOT315 AASHTO T350
and Test JInr32
Temperature Aged with RAP PG (1/kPa) Jurdift PG
(W9)
64 85310 0,02 19 64-E
70 41750 0,05 20 70-E
Neat 76 21270 88 0,12 21 76-E
82 11100 0,34 25 82-E
88 5815 0,33 30 88-E
64 29310 0,11 15 64-E
70 14670 0,28 23 70-E
K5 76 7450 82 1,12 43 76-H
82 3882 1,56 48 82-H
88 2083 4,36 53 88-S
64 31270 0,1 18 64-E
70 15860 0,25 30 70-E
K10 76 8928 88 0,9 48 76-V
82 4626 1,31 60 82-V
88 2492 4,58 87 -
64 6395 0,87 24 64-E
70 3167 2,12 35 70-S
K20 76 1623 70 6,56 50 -
82 871 14,55 70 -
88 420 26,63 90 -
64 34890 0,08 17 64-E
70 17120 0,24 25 70-E
P5 76 8760 88 0,75 45 76-V
82 4522 0,98 54 82-V
88 2458 3,66 60 88-S
64 23170 0,14 27 64-E
70 11810 0,35 35 70-E
P10 76 6144 82 0,92 55 76-V
82 3277 1,78 61 82-H
88 1781 6,72 89 -
64 4223 2,14 35 64-S
70 2108 5,88 43 -
P20 76 1092 70 10,78 65 -
82 606 21,64 75 -
88 347 40,68 92 -
64 42010 0,06 10 64-E
70 21120 0,17 20 70-E
S5 76 10940 88 0,45 31 76-E
82 5751 1,12 38 82-H
88 3073 2,53 45 88-S
64 30940 0,1 20 64-E
70 15550 0,27 26 70-E
S10 76 8016 88 0,7 50 76-V
82 4252 1,48 55 82-H
88 2295 4,3 60 88-S
64 6469 2,41 30 64-S
70 3267 6,19 39 -
S20 76 1658 70 12,73 58 -
82 912 24,94 65 -
88 448 42,34 75 -
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An overview of the binder grades based on conventional and MSCR systems is shown in
Table 4. The Juaisr values obtained using the T350 approach showed that the non-recoverable
creep compliance performed well. The results of the investigation demonstrated that the
additions considerably improved the binders' capacity to withstand high temperatures. Some
changes can withstand high traffic conditions at this temperature, according to T350. The
asphalt binders' resistance to rutting rises with the amount of elastomer they include.

3.5. Statistical Analysis and Model Development

The Quadratic model was the recommended regression model for all dependent variables and
the models were in good agreement with the examined parameters. The numerical variables
(A, B) of the predicted models were determined using Equation 10-12. Only significant
impact variables were included in the equations. The synergistic and antagonistic effects of
each factor on the dependent variables are specified with a sign (negative or positive) in front
of the terms in the equation. A represents temperature and B represents bio-oil content.

_ 5 2 2
KComplex modulus = 7-73 %107 -18073.83A - 8429.96B +146.86AB +102.61A” -138.29B (10)

N 5 2 2
PComplex modulus = 796 %107 -17648.40A -15821.64B +182.80AB + 97.20A” +34.96B (11)

S ~0.49%10° - 21409.66A - 15920.59B + 203 46AB +119.25A 2 - 28.69B2 (12)
Complex modulus

In a situation where the model fit is not satisfactory, the model functions will result in
inappropriate responses. Therefore, it is of crucial importance to check the model adequacy
as part of the data analysis [58-60]. Hence, ANOVA was performed to examine the adequacy
and appropriateness of the proposed models. Other statistical results are also presented in the
table. The degree of appropriateness of the proposed models was investigated through the
coefficient of determination (R?). The R? values for the dependent variables Kcomplex modutus,
P Complex modutus @0d Scomplex modutus Were 0.9267, 0.9254 and 0.9349, respectively. A higher R?
value suggests stronger agreement between the expected and actual values. High R? values
in this study indicated stronger agreement between the predicted and actual values. In
addition, the predicted coefficients of determination were in acceptable agreement with the
adjusted coefficients of determination which refers to an inconsistency of less than 0.2.
Sufficient precision reveals the signal-to-noise ratio for comparison between the various
quantities calculated at the design points and the average prediction error. The signal-to-noise
ratios for the dependent variables of Kcomplex moduluss PComplex modulus V€ ScComplex modulus WEIe
20.0660 20.8163 and 22.0569, respectively. All of them were greater than 4, indicating that
they provide an adequate signal. The results showed that all bio-oils can be used to navigate
the design space. In the analysis, the confidence level was at 95% with a p-value less than
0.05. P-values less than 0.05 for the models also indicated that there was only a 0.0001
probability of an F-value of this magnitude due to noise [61].

2D contour and 3D graphical diagnostic plots of the relationship between independent
variables and complex modulus values are shown in Figure 14. The figure shows that there
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is a perfect interaction between the variables and response of the bio-oil-added asphalt
mixtures. The addition of bio-oil to aged bitumen decreased the complex modulus values.
The binders’ complex modulus values decreased with the increase of bio-oil content. As the
rate of rejuvenation affecting the aged binder increased with the increase in the amount of
bio-oil, a further decrease was observed in the complex modulus values. In addition, as the
temperature applied to the binders increased, the complex modulus values decreased.
Especially at high temperatures, the complex modulus values decreased significantly. Among
the bio-oils used in the study, olive mill pomace was found to be the most effective bio-oil.
The decrease in the complex modulus values with the increase of bio-oil in the aged binder
can be seen in both 2D contour and 3D graph.

In Figure 14, the intensity red color in the 2D and 3D graphics changes, which indicates that
the relationship between the variables is good. The effect of bio-oils on complex modulus
values was determined. Accordingly, the redness in the graphs decreases as the bio-oil
increases, which shows the positive effect on the complex modulus. As the amount of bio-
oil used in the aged binder increases, the oils decrease the viscosity of the bituminous binders
as they reduce the gravity force between the molecules. In addition, a decrease in the complex
modulus value was observed with the increase in temperature, showing that the rising
temperature increased the fluidity of the binders. This is due to the fact that bio-oils contain
light components (i.e. aromatic solvents) that can dissolve asphaltenes, and as a result make
the binders softer.

Graphs of predicted values and actual quantities were used to obtain a clear interpretation of
the satisfaction of the proposed models. Figure 15 displays the plots of the predicted against
the actual values of all the responses. It shows that almost all the points are distributed fairly
close to the equality line. This means that the proposed models have a good agreement with
the data. In addition, the distributions of all the points on the straight line showed a strong
correlation between the predicted values and the experimental values. Finally, the results
confirmed that the proposed prediction models can adequately navigate the design space
defined by CCD.

2D Surface 3D Surface
Complex modulus (Pa) 415 [ 113400

20

B: Bio-oil content (%)
Complex modulus (Pa)

£

]

A Temperature (°C)
52 61 70 79 88

A: Temperature (°C) Pine cone

Figure 14 - Effect of fat content and temperature on complex modulus
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4. CONCLUSIONS

In this study, physical and rheological properties of binders were investigated by adding three
different bio-oils obtained as a result of pyrolysis to aged bitumen obtained from recycled
asphalt mixture. The following conclusions can be drawn:

The addition of rejuvenators to the aged bitumen obtained from the recycled
bitumen mixture increased the penetration value of the aged bitumen. It was
determined that all three bio-oils had softening properties on the aged binder. The
addition of approximately 20% of all three bio-oils to the aged binder (RAP binder)
restored the softening value to the initial value of unaged (neat binder).

Viscosity tests showed that biorejuvenators can alleviate the stiffness of aged binder.
A concentration of 20% bio-rejuvenator was considered to be approximately
sufficient to rejuvenate the aged asphalt binder to be reused in pavement
construction.

The higher light components and viscous content in the bio-oil are able to stabilize
the chemical components of aged binders and consequently restore rutting
resistance to a great extent. The results revealed that bio-oils rejuvenated the aged
bitumen and approached its G*/sind value to that of the unaged bitumen (50/70).
permanent creep compliance

It was observed that the J,r values increased significantly with the increase in the
additive content in all three modifications. Especially after 10% additive content,
there was a significant increase in J,r value. The elastic recovery values of the RAP
binder decreased with the increase in the amount of biooil added to the RAP binder.
Although RAP binder provided the highest elastic recovery value, S20 binder
provided the lowest value. There was no significant change in the Juisr values for
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all modifications. As the bio-oil content increased, the Jyqirr values increased. With
the increase in temperature, Juairr Values increased in all three modifications and
when additives were used together.

e High R? values indicated stronger agreement between predicted and actual values.
The intensity of the red color in 2D and 3D graphics changed which indicated that
the relationship between the variables was good. The distributions of all the points
on the straight line in the graphs showed a strong correlation between the predicted
and the experimental values.

This study recommends that 20% concentration bio-oil should be used to rejuvenate the aged
asphalt binder for reuse in pavement construction. In addition, future studies should
investigate the mechanical properties of the regenerated asphalt mixtures.
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Computational Modelling of Damage Progression in
Unreinforced Masonry Walls via DEM

Bora PULATSU"
Kagan TUNCAY?

ABSTRACT

Unreinforced masonry (URM) walls are the common load-bearing elements for old masonry
buildings and heritage structures. As witnessed from the past and recent earthquakes, URM
walls may demonstrate various collapse mechanisms along with different crack patterns
influenced by the wall aspect ratio, vertical pre-compression load, opening size and ratio,
among many other factors. Typically, the mortar joints and unit-mortar interfaces are the
weak planes where we expect to observe most failures, such as sliding, cracking and joint
opening. However, it is not a straightforward task to simulate the structural behaviour and
the failure mechanism of URM walls, including the crack localizations and propagation
through the mortar joints, using the standard continuum-based computational models given
the composite and highly nonlinear nature of the material. In this context, the present research
offers a discontinuum-based approach to simulate the damage progression in URM walls
subjected to combined shear-compression loading using the discrete element method (DEM).
The masonry walls are represented via distinct elastic blocks interacting through point
contacts to their surroundings. It is aimed to present the effect of the local fracture mechanism
on the macro response of the masonry walls via validated DEM-based numerical models that
can address all possible fracture mechanisms occurring at the unit-mortar interfaces. An
innovative damage monitoring technique relying on the stress state at the point contacts is
implemented and utilized to explore the associated damage progression in URM walls. The
results show the great potential of the adopted modelling strategy to better understand the
mechanics of URM walls and indicate the effect of strength properties of masonry
constituents on the overall in-plane capacity of the load-bearing walls.

Keywords: Discrete element method, contact mechanics, masonry, in-plane behaviour,
fracture mechanisms.
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Computational Modeling of Damage Progression in Unreinforced Masonry Walls via DEM

1. INTRODUCTION

The unreinforced masonry (URM) constitutes the vast majority of old building inventory in
major cities and rural areas, including historic buildings and most landmark structures.
Specifically, masonry refers to a construction technique where the discrete units (or blocks)
are laid on top of each other with or without using a binding material (i.e., cement or lime-
based mortar) to construct a load-bearing wall system. Often, the bricks (or stone blocks) are
stronger and stiffer than the mortar and unit-mortar interfaces; hence, the cracks are most
likely to develop and propagate through the joints (referred to as strong brick weak joint
combination). Given the considerable difference in the mechanical properties of masonry
constituents in URM walls, various crack patterns and failure mechanisms can develop under
lateral seismic forces such as rocking, sliding and diagonal tensile failure [1]. It is worth
noting that there may be an interaction between the failure modes when a URM wall starts
to displace and get damaged [2]. In other words, the structural behaviour of masonry walls
may demonstrate progressive damage by switching from one mechanism to another with
increased lateral displacement.

With the advances in computational power, different numerical approaches and modelling
strategies have been proposed to simulate the in- and out-of-plane response of masonry walls
[3]. By and large, continuum-based methods (such as standard Finite Element Analysis, FEA)
are commonly used in the structural analysis of URM walls (also referred to as macro-
modelling), offering a practical solution with low computational cost and requiring a
relatively lower number of input parameters. In macro models, homogenized material
properties are used with no distinction among masonry units and mortar, where the material
failure is smeared out through the continuous medium [4-7]. Although this approach
provides valuable information regarding the overall performance of large-scale buildings and
load-bearing wall systems, it may not capture the local mechanisms and crack patterns that
are also related to the morphological features of URM walls. Alternatively, discontinuum-
based methodologies can be adopted in the seismic analysis or performance assessment of
masonry structures. Among different discontinuum-based analyses, the discrete element
method (DEM) has been the one that has attracted the most attention from the academic
community and industry for the last several decades (e.g., [8—15]). In DEM, the discontinuous
texture of masonry is represented explicitly, considering masonry units via rigid or
deformable blocks that can interact with each other along their boundaries, as shown in
Figure 1. Moreover, the bond between the mortar and the masonry units is denoted as zero-
thickness interfaces without including the mortar joint in the numerical formulation (see
Figure 1b), which is called simplified micro-modelling (SMM) in the literature [16]. This
approach offers a good compromise in accuracy and computational cost that mainly requires
reliable input data regarding the bond (or unit-mortar interface) parameters and unit
properties. In SMM, the cracking of masonry units is addressed by defining a potential crack
surface between adjacent blocks representing a masonry unit, which is also illustrated in
Figure 1c. It is important to highlight that the consideration of potential crack surfaces in
masonry units, implementation of sophisticated material models, and contact constitutive
laws in DEM-based models (both in two- and three-dimensional settings) are driven by
expectations from computational predictions. The available studies adopting DEM as a
predictive numerical model (e.g., [17-20]) consist of different improvements and
simplifications related to the necessities stemming from physical realities. A review article
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focusing on the differences between available DEM-based computational models and their
application to masonry structures is discussed in [21].

This research follows the SMM approach implemented within the DEM framework, where
elastic blocks are used for bricks that can mechanically interact at the contact points to better
understand the progressive damage mechanism in unreinforced masonry walls. While
previous studies have discussed the accuracy of the DEM-based computational models and
the predicted failure mechanisms, they rarely explore the damage progression at the units and
the unit-mortar interfaces. To this end, we aim to provide a deeper understanding of the
mechanics of URM walls using validated discrete element models and offer a generalized
perspective regarding the accumulated damage and its correlation with the lateral load

carrying capacity.

U

Block | Block

(a) (b) (c)

Figure 1 - Representation of masonry wall within the DEM framework; (a) a masonry wall
texture, (b) SMM realization and (c) potential crack line (or surface in 3D) for a single
block in DEM.

The present study includes the mathematical background of the adopted computational model
and validation of the implemented approach by comparing the numerical findings against
two experimental results. Then, a detailed investigation is performed to explore the damage
progression under the increasing lateral deflection, together with comprehensive sensitivity
analyses. Finally, the proposed modelling strategy is applied to simulate the damage
progression of a masonry panel with an opening under vertical loading.

2. SIMPLIFIED MICRO-MODELLING VIA DISCRETE ELEMENT
METHOD (DEM)

The adopted discontinuum-based approach was initially proposed by Cundall to solve slope
stability and rock fragmentation problems [22]. Later, the DEM was used to analyze masonry
structures subjected to quasi-static and dynamic loading, among other subjects related to
various engineering disciplines. This study performs DEM-based analysis to simulate
different URM walls under combined compression-shear loading and predict their structural
behaviour from the elastic regime up to failure. A commercial three-dimensional discrete
element code, 3DEC developed by Itasca Consulting Group [23], is used during the analyses.
The proposed computational modelling approach utilizes elastic blocks, discretized into
constant strain tetrahedral (CST) volumes (each consists of four nodes — or gridpoints), and
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their mechanical interaction is predicted by computing action/reaction forces at the point
contacts (also called sub-contacts) defined along the contact surface, as shown in Figure 2.

BlOCk_.VZ

Block-1

B Point contact

. Contact surface
— CST

Figure 2 - Two deformable blocks and the contact surface.

The block deformation is computed by solving the equations of motion for each gridpoint (or
node) using the central difference algorithm. New nodal velocities are obtained following
compact expression at each time step, given in Equation 1. Note that the quasi-static solutions
are obtained by adopting Cundall’s local damping formulation [24], and the nodal velocities
(@;) are evaluated at the mid-time intervals (i.e., At: time step, t* =t + At/2, t~ =t —
At/2).

uft = ul” += (3F — al5Ff|sgn(i)) (1)
where 2F;, m and « are the total force vector, nodal mass (the total mass of a tetrahedron
divided by four) and the non-viscous damping constant (default value is 0.8). The sum of
forces includes gravity loads, external loads, contact forces (if any), and nodal contribution
of the internal stress in the zones adjacent to the gridpoint. Once the new nodal velocities are
obtained, nodal displacements are calculated (i.e., uf* = uf + Ac(ft)), later utilized to
predict the block deformation and the relative point contact displacements among the
adjacent blocks. In Figure 3, the relative displacement of two elastic blocks, in normal and
two shear directions, are illustrated. It is worth noting that the point contacts are defined at
the vertices of the tetrahedral elements associated with the contact planes. At each contact
point, three orthogonal springs are assigned, and the action/reaction forces are computed in
the normal and shear directions accordingly. Elastic response at the contact points is governed
by the normal and shear contact stiffnesses (k,, k), whereas the failure is controlled by the
given tensile (f;) and compressive (f;,) strength in the normal direction, cohesion (c¢) and
friction angle (0) in the shear directions. It is important to recall that the normal (o) and shear
(7) contact stresses are functions of relative normal (u,,) and shear (ug;) displacements. The
contact stresses are obtained by first computing elastic increments (i.e., Ac = k,Au,, At; =
ksAug;), which are then added to contact stresses computed in the previous time step. Next,
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they are corrected (if required) following the defined failure criterion and multiplied with the
associated sub-contact area to get forces that are finally used in the equations of motion
(Equation 1).

() (©

Figure 3 - Relative displacement of two blocks: (a) pure tension and (b-c) shear directions.

Throughout this work, recently developed fracture energy based elasto-softening contact
constitutive models are used [25]. A bilinear stress-displacement behaviour is implemented
in tension, shear and compression regimes, considering the mode-I, mode-II and compressive
fracture energy, respectively. The readers can find the graphical representation of
implemented contact models in Figure 4a and Figure 4b. The strength reduction (or damage)
is imposed in tension, compression and shear strength depending on the recorded relative
displacement at the associated point contacts in the normal and shear directions. A single
damage parameter is considered to couple tension and shear failure, whereas one-way
coupling is considered between shear and compression. The readers are referred to the
reference study for a comprehensive discussion and mathematical background of the
implemented contact constitutive law [25].

The adopted contact model in the normal direction represents the bond behaviour when
subjected to tension, whereas it corresponds to masonry composite behaviour in compression.
Therefore, the parameters f; and f,, denote the bond tensile strength and the compressive
strength of the masonry composite, respectively. Upon failure in tension or compression,
contact stiffness degradation is considered in the unloading response, which returns to the
origin, similar to standard continuum damage mechanics formulation. In shear, the Mohr-
Coulomb failure criterion is used, in line with similar studies published in the literature (e.g.,
[26-30]) that can fairly address the bond shear capacity, where initial and residual bond shear
strength (T, Ts) 1s calculated using cohesion and friction angle parameters (i.e., T = ¢y +
tanby0, Tres = Cres + tanb,.s0). No stiffness degradation is considered for shear stiffness
in the pre- and post-peak behaviour. The compression-shear interaction is controlled by the
Cap Model, proposed in [31], which is implemented in the DEM framework and presented
in Figure 4c. The adopted composite yield surface includes tension, compression, and shear
failure surfaces, as shown in Figure 4.

The explicit solution scheme of DEM is executed in a cyclic manner, such that quasi-static
solutions are obtained once the unbalanced force (XF) is below the pre-defined threshold
(e.g., |2F| < 1le — 5 N) or monitored displacements converge to a specific value. Note that
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the adopted central difference algorithm only provides stable solutions if the time steps are
smaller than the critical value. This condition is automatically satisfied in 3DEC, using
sufficiently small time steps, detailed in the reference [32]. On the other hand, the mentioned
contact models are implemented in the visual studio environment and compiled as DLL
(dynamic link library) in 3DEC. In the following section, the benchmark studies and the
application of the DEM are presented.
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Figure 4 - (a) Contact constitutive law in tension and compression, (b) shear and (c)
adopted composite yield surface.
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3. VALIDATION STUDIES AND DISCONTINUUM-BASED ANALYSIS

This section presents the experimental studies used as benchmarks to validate the proposed
computational modelling strategy. The first reference test was performed by Vermeltfoort et
al. [33], exploring the lateral response of URM wall panels (0.99 X 1.00 X 0.098 m?)
subjected to combined compression-shear loading with different vertical pressures. Once the
vertical loads were applied at the top section of the masonry walls using a solid loading beam,
the lateral loads were introduced incrementally by controlling the lateral displacement at the
top. No rotation was allowed at the top beam during the lateral loading. This test was already
used as validation in an earlier study [20]. Therefore, only a summary of this validation case
will be presented here.

In order to study the effect of the local fracture mechanism on the behaviour of masonry walls
more precisely, a new validation case was needed to show that the DEM has the capacity to
predict damage progression for walls with different aspect ratios. The second benchmark
study was presented by Ganz and Thiirlimann [34], in which the URM walls consisting of a
masonry panel (3.6 X 2.0 X 0.15m3) and two flanges (0.15 X 2.00 x 0.60 m3) were
tested under in-plane loading. Similar to the first reference study, different levels of vertical
loads were considered during the testing campaign, causing different lateral load carrying
capacities and fracture patterns. In the second benchmark study, the concrete slab was placed
at the top of the specimens, where the lateral load was applied during the testing without
imposing any restraint on the rotational degrees of freedom of the slab. In Figure 5, the
computational models of the reference studies are illustrated. The readers are referred to the
references for further details regarding the benchmark tests [33,34].

(b)

Figure 5 - lllustration of the benchmark studies: (a) Solid wall panel — Benchmark #1, (b)
URM wall with flanges — Benchmark #2.

The proposed computational models require the elastic properties of bricks (i.e., Young’s
modulus and Poisson’s ratio) and elasto-plastic properties of the unit-mortar interface (bond),
mentioned earlier in Section 2. Typically, bond shear characteristics can be obtained from
direct shear testing of masonry couplet or triplet, whereas bond tensile strength can be noted
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via direct tension or flexural testings. In this research, brick and bond properties are taken
from the provided material characterization tests or previously published academic articles
that are in line with the presented modelling strategy [5,31,33-36]. In Table 1, assigned
material and contact properties are given.

Table 1 - Material and contact properties adopted in the proposed computational models
for benchmarks #1 and #2.

Benchmark Study #1
Masonry Unit Interaction
E,v ke, ks fr Cos Cres 60, Ores G}» G;I
(GPa, -) (Pa/m) (MPa) (MPa) ) (N/m)
16.7,0.15 820,360 2.0 1.4f7,0.0 45,45 80, 500
Unit-Mortar Interface Properties (Bond) - o, = 1.21,2.12 MPa
kn, ks fr fm Cos Cres 6o, Ores G;’ Gf', G, Cs
(GPa/m) (MPa) (MPa) ©) (N/m) )
82,36 0.16,11.5 1.4f7, 0.0 35,35 12, 50, 5000 9
Unit-Mortar Interface Properties (Bond) — g, = 0.30 MPa
ke, ks fri fn Co) Cres 80, Ores G;, Gf', Ge Cs
(GPa/m) (MPa) (MPa) ) (N/m) )
82,36 0.25, 10.5 1.4f7,0.0 35,35 12, 125, 5000 9
Benchmark Study #2
Masonry Unit Interaction
E,v ke, ks fr Cos Cres 60, Ores G;, G;I
(GPa, -) (Pa/m) (MPa) (MPa) ©) (N/m)
10,0.2 100,40 1.5 1.5f7,0.0 37,37 22.5,225
Unit-Mortar Interface Properties (Bond) - ¢, = 0.61,1.91 MPa
kn, ks fr fm Cos Cres 6o, Ores G;’ Gf', G, Cs
(GPa/m) (MPa) (MPa) ©) (N/m) )
20, 8 0.15,7.6 1.5f7, 0.0 37,37 2.25,150,11500 9

The same loading procedure is applied in the discontinuum models for both benchmark
studies, where a constant lateral displacement rate (i.e., 0.005 m/s) is prescribed at the top
loading beam after the equilibrium is reached under the self-weight and the vertical pre-
compression forces. The base reaction is recorded during the analyses by summing up the
shear forces at the springs defined between the supporting block and the bottom course of
masonry. In the first benchmark study, three pre-compression loads were considered (e.g.,
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0, =0.3,1.21 and 2.12 MPa). The predicted force-displacement curves and the
experimental findings are presented in Figure 6. A good agreement is found in comparing
the numerical and experimental results in terms of overall force-displacement behaviour and
load-carrying capacity. The difference in ultimate lateral load is negligible for low and
medium pre-compression pressures (g, = 0.3 MPa and o0, = 1.21 MPa), whereas slightly
higher capacity, approximately 10%, is noticed for high pre-compression pressure (o, =
2.12 MPa).
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Figure 6 - Comparison of the experimental results (benchmark #1) and the discrete element
models for different vertical pre-compression pressures: (a) o, = 0.3, (b) 0, = 1.21 and
(c) o, =2.12

Furthermore, the predicted kinematic mechanisms align with the experimental findings, as
shown in Figure 7. The obtained crack patterns are presented in Figure 7b for low, medium
and high pre-compression pressures when the force-displacement curves at the ultimate
displacement, noted as 4 mm, 3.8 mm and 2.8 mm, respectively. The overall structural
behaviour is found to be influenced by the level of pre-compression pressure, which not only
controls the maximum lateral load but also affects the damage in bricks (i.e., cracking or
combined shear and tensile failure) and the number of failures noted at the unit-mortar
interfaces. In Figure 7b, the damage computed at the bricks and bonds is represented via
points with different colours (i.e., blue: brick failure, black: bond failure) at the locations
where the failure occurred. The term “failure” is used to describe capacity loss at the point
contact, which can no longer transfer action/reaction forces in tension and shear. Hence, we
address a local failure at the contact planes. As seen in Figure 7b, the number of brick failures
is almost double for a high vertical pre-compression pressure (g, = 1.21 MPa) and more
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spread to the head joints. Conversely, a distinct localized diagonal tension crack is obtained
for a low-pressure (g, = 0.30 MPa), shown in Figure 7b.
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Figure 7 - Failure mechanisms obtained from numerical models and experiments (from left
to right, o, = 0.3,1.21 and 2.12 MPa): (a) representation of the crack pattern (test
observations), (b) crack pattern obtained from DEM (blue dots indicate cracks in bricks,
black dots denote bond failure).

The second benchmark study is a large-scale test and has a different configuration, including
masonry wall flanges at both ends. The experimental setup is explicitly represented via the
adopted three-dimensional computational model considering the same loading condition and
protocol. The results of the proposed discontinuum-based models are compared against the
experimental findings, as shown in Figure 8a, where low and high pre-compression
conditions are denoted as W1 and W2, respectively. A very good match is obtained for W1
with almost no difference in ultimate lateral load, whereas a higher capacity is noted for W2
(approximately 15%) with similar force-displacement behaviour. The predicted crack pattern
and the associated failure mechanisms are also given in Figure 8b-c, corresponding to the
ultimate lateral displacement of 14 mm and 8§ mm for W1 and W2, respectively. Almost no
brick failure is noticed when the pre-compression pressure is low (W1, g, = 0.61 MPa) as
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opposed to W2 that can be seen in Figure 8b. In both case studies, diagonal tensile failure is
obtained at the final stage of the analyses. Moreover, a moderate crushing failure is also
noticed at the bottom right toe in each simulation, as depicted in Figure §.
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Figure 8 - Comparison of DEM results against the benchmark study #2: (a) Force-
displacement curves, (b) crack pattern obtained from DEM (blue dots indicate cracks in
bricks, black dots denote bond failure), and (c) predicted failure mechanisms from DEM.
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4. DAMAGE PROGRESSION AND SENSITIVITY ANALYSIS

This section aims to provide a deeper understanding of the damage progression in the
analyzed URM walls, referred to as benchmark #1 and #2. During the numerical analyses,
the state of point contacts is recorded at every 0.2 mm displacement increment to keep track
of the damage progression together with the base-shear force and maximum lateral
displacement at the top corner. In Figure 9, the predicted point contact failures, separately
denoted for units and unit-mortar interfaces, are presented for low, medium and high pre-
compression pressures for benchmark study #1. The given snapshots are determined based
on the observed significant events, such as changes in the crack pattern and the associated
failure mechanisms. For instance, in the case of low-pressure (g, = 0.3 MPa), the initial
significant phenomenon is noted (around d = 0.6 mm) at the bottom left and top right corners
of the solid masonry panel, where the point contact failure is noticed for the first time due to
flexural tensile stresses between the loading beam and URM wall. Then, after 1.0 mm,
additional failures at the contact points corresponding to the head joints are obtained. Finally,
a diagonal crack is developed, approximately at 3.0 mm, including cracks at the bricks
together with the additional head and bed joints (see Figure 9a). Note that once the joint
failures start to occur at d = 1.6 mm, damage at the unit-mortar interfaces accelerate and
rapidly yields a diagonal tension crack, and the fully developed kinematic mechanism does
not change until the end of the analysis (d = 4.0 mm). Different from the first case, medium
pre-compression pressure (0, = 1.21 MPa) leads to different crack evolution, where flexural
openings (or cracks) at the top right and bottom left corners are considerably less than the
previous one, which is initially noticed at d = 1.4 mm simultaneously with several head joint
openings, shown in Figure 9b. Next, the contact failures are spread at the head joints (d =
1.6 mm), and a clear diagonal tension crack is obtained when d = 2.6 mm. Similarly, at the
initial stage of the lateral displacement, high pre-compression pressure (o, = 2.12 MPa)
yields almost no flexural openings between the wall and the loading beam, and the cracks are
initially developed at the head joints around the mid-height of the wall, displayed in Figure
9c. The final damage state is obtained less than a 1 mm lateral displacement after the head
joint cracks are noticed. Furthermore, the results show more brick failures associated with
the high vertical pre-compression load compared to the other two pre-compression loads. The
given set of solutions underlines the importance of vertical pressure on the observed crack
pattern, which also has a favourable influence on the lateral resistance of the URM wall. It
needs to be stressed that the analyzed URM walls do not suffer from poor compressive
strength, and no fully crushed contact point, meaning no force-transfer capacity in the
compression, is computed in all simulations. However, this phenomenon will be an important
factor for masonry walls with low compressive strength material characteristics and is out of
the scope of the present research.

To quantitatively investigate the relationship between force-displacement behaviour and the
associated damage evolution in the bricks and unit-mortar interfaces, they are given in the
same plot for all three vertical pre-compression loads, as shown in Figure 10. As mentioned
earlier, the two-way coupling mechanism is considered for tension and shear at the contact
points using a single damage parameter (denoted as d*). During analysis, the stress state at
the contact points is monitored, and damage at the bricks (d%) and bonds (d]ts ) are recorded
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Figure 9 - Results of discontinuum analysis of URM walls (Benchmark #1) for different
lateral displacements.
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separately. At the end of the analysis, the total number of broken contact points (meaning
that d’ or df* equal to 1) is calculated, and it is used to present accumulated damage. In
Figure 10, cumulative damage predicted at the brick and bond contact points is presented
together with the force-displacement response of the URM wall. According to the results of
the analyses, it is evident that the bond failures (e.g., opening, sliding) start prior to the
cracking of bricks, which essentially governs the force drop, hence the lateral load resistance
of the URM wall. This conclusion is valid for all pre-compression loads, where the significant
capacity loss coincides with the considerable extent of failure in the bricks developing rapidly
upon passing the certain displacement threshold. Furthermore, it is interesting to observe that
the degradation in the initial stiffness starts with the bond failure at the early stages of the
lateral displacement that can be clearly noted for low pre-compression loads and relatively
later stages of lateral displacement for high pre-compression loads (see Figure 10).
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Figure 10 - Combined representation of the cumulative damage at the bricks and joints
with the force-displacement behaviour of the URM walls under different vertical pressures
(benchmark #1): (a) o, = 0.30 MPa, (b) 0, = 1.21 MPa and (c) o, = 2.12 MPa.
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The same methodology is applied to the second benchmark study to visualize the cumulative
brick and bond damage for W1 and W2, as shown in Figure 11. As mentioned previously,
very limited tensile cracks are observed in bricks in W1; hence, only the bond failures are
displayed in Figure 11a. The overall ductile response of W1 and its steady strength reduction
upon reaching the maximum load can be attributed to the gradual increase in the joint sliding
and openings at the unit-mortar interfaces where each force drop nearly overlaps with the
jump in the “cumulative contact damage” curve (Figure 11a). Similarly, the cumulative brick
and bond failures are given in the same graph with the force-displacement response of W2 in
Figure 11b. The stiffness degradation is initiated by the bond failures, and the lateral load
carrying capacity is significantly affected by the brick failure, which is in line with the
discussion presented earlier.
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Figure 11 - Combined representation of the cumulative damage at the bricks and joints
with the force-displacement behaviour of the URM walls under different vertical pressures
(benchmark #2): (a) o, = 0.61 MPa and (b) o, = 1.91 MPa
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A further investigation is done using the benchmark study W2 by performing a sensitivity
analysis on the brick (f7 ) and bond (f7 ;) tensile strength to predict their effect on the overall
lateral resistance of the analyzed URM wall. Two strength combination is considered. First,
the brick tensile strength is reduced consistently by keeping the bond strength constant, and
then brick tensile strength is kept constant, and bond strength is increased systematically. In
Figure 12a, the detrimental effect of weak bricks is presented, where an exponential decay
can be observed when the brick tensile strength gets lower. Additionally, the positive
influence of a strong bond attributed to the higher bond tensile strength can be seen in Figure
12b. It is important to recall that no severe crushing failure is computed in the analyzed URM
walls. Therefore, the main focus is given to the brick and bond failures that are predominantly
related to the tension and shear fracture mechanisms.

5. APPLICATION OF THE PROPOSED STRUCTURAL ANALYSIS
FRAMEWORK: URM WALL PANEL WITH AN OPENING

To further validate the implemented modelling approach and demonstrate its applicability on
different URM wall sections, the proposed structural analysis framework is also applied to
the URM wall panel with an opening subjected to in-plane vertical point load. The analyzed
URM panel, tested by Sarhosis et al. [37] to explore the pre- and post-peak behaviour of low
bond strength brickwork URM panels with an opening, is illustrated in Figure 13. The
physical model represents a typical unreinforced brickwork panel above windows and doors
in a masonry building. In the reference study, the same experimental configuration was used
to perform destructive testing on four URM panels (denoted as S1, S2, S3 and S4), where the
vertical loads were imposed at the mid-length of the clear span (1), as shown in Figure 13.

Figure 13 - Analyzed URM wall panel with an opening, where l = 2.025 m, hy = 0.675 m
and hy, = 0.45 m.

According to the experimental findings, a similar ultimate load was noted, ranging from 4.6
to 5.6 kN, except for sample S1, which failed earlier than others; hence, it is not considered
here when comparing the numerical predictions against the test results. Moreover,
experimental observations revealed that failures only occurred along the unit-mortar
interfaces, which can be related to the lack of confinement on URM piers and low bond
strength. Therefore, no potential crack plane within the masonry units is defined during the
discontinuum analysis, which simplifies the computational model and reduces the number of
input parameters. The adopted material and contact properties, given in Table 2, are obtained
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from the provided experimental results in the reference studies and recommended values in
the literature [37-39]. Elastic modulus and Poisson’s ratio of the masonry units are taken as
6 GPa and 0.14, respectively. In line with previous validation studies, we utilized the coupled
elasto-softening contact constitutive laws, including the mode-I and mode-II fracture
energies in tension and shear regimes, respectively.

Table 2 - Material and contact properties used in a masonry panel with an opening.

Masonry Panel with an Opening
Unit-Mortar Interface Properties (Bond)

kn' ks fT CO' Cres 90' Bres G/‘I"' G]‘{I CS
(GPa/m) (MPa) (MPa) ©) (N/m) )
13.50, 5.87 0.05 fr, 0.0 30, 30 0.75,7.5 9

Figure 14 presents the predicted crack pattern under different load levels, corresponding to
noticeable changes in the damage condition. The first crack is captured at the mid-span
(above the opening), caused by the flexural tensile stresses due to the effect of vertical point
load (1.6 kN), shown in Figure 14a. Upon further increase in vertical load, horizontal cracks
develop along the bed joints on both sides of the URM panel (Figure 14b). Ultimately, a
diagonal stair-step crack is obtained at the near collapse state of the panel, which initiates
along the bed joints and progresses towards the vertical load and the flat-arch skewback,
indicated in Figure 14c. The predicted mechanical behaviour of the analyzed URM wall panel
with an opening aligns well with the experimental outcomes presented in Figure 14d and
Figure 14e.

In addition to the qualitative assessment of the predicted crack pattern, a quantitative
comparison of the computational model against the experimental results is provided in Figure
15. The force-displacement response obtained from DEM demonstrates a good agreement
compared to the experiments, where the specific damage conditions are noted as a, b, and ¢
associated with Figure 14a-c. The predicted near-collapse state of the URM panel (see Figure
15b) represents the similar failure mechanisms noticed during the experimental campaign.

(@)

141



Computational Modeling of Damage Progression in Unreinforced Masonry Walls via DEM

(©

sE===S LN

D=

(e)

Figure 14 - Predicted damage progression using the proposed DEM-based modelling
strategy under different vertical load levels: (a) 1.6 kN, (b) 3.1 kN and (c) 3.44 kN (after
peak load) - (d) cracks noted during the experiments [39], (e) representation of the major
cracks depicted from reference study.
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Figure 15 - (a) Comparison between experimental results denoted as envelope covering
three tests (S2, S3 and S4); (b) Predicted near collapse state of the URM panel
corresponding to point c in the force-displacement curve.

6. CONCLUSIONS

The present study explores the in-plane behaviour of unreinforced masonry walls via a
discontinuum-based modelling strategy based on the discrete element method. The proposed
approach captures all essential local failure mechanisms at the bricks and unit-mortar
interfaces in tension, compression and shear regimes. The validated computational models
are further used to monitor crack propagation and the associated strength reduction in the
analyzed benchmark studies. The following conclusions are derived according to the results
of the numerical investigations:

e The adopted discontinuum analysis framework provides reasonably accurate
predictions regarding the lateral load-carrying capacity of URM walls and the
corresponding collapse mechanisms by offering an explicit representation of brick
and bond failures.

e  The proposed post-processing approach, based on the stress state (or condition) of
the contact point in DEM, suggests extracting the fully damaged contact points in
tension and/or shear to be utilized in damage progression analysis. The given
damage monitoring technique can visualize partially or fully developed kinematic
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mechanisms and offers a better understanding of the dominant factors in strength
reduction in URM walls, as illustrated in the article.

The proposed post-processing approach utilizing the output of the adopted
discontinuum-based analysis enhances the applicability of discrete element models
in the structural assessment of URM walls and buildings, providing necessary
information regarding the damage propagation and likely crack pattern.

The computational investigations indicate a strong relationship between lateral load-
bearing capacity and cracking of masonry units (or bricks) in URM walls, especially
for medium and high pre-compression loads (e.g., o, > 1 MPa). This phenomenon
brings up the importance of brick quality and its influence on the lateral load-
carrying capacity of URM walls.

Finally, the detrimental influence of the weak bricks and the favourable effect of
stronger bonds on the in-plane load-carrying capacity of URM walls is presented by
performing sensitivity analyses on the brick and bond tensile strength.

As a follow-up study, the proposed DEM-based framework will be applied to more complex
unreinforced masonry wall systems (e.g., pier-spandrel), and the adopted post-processing
approach will be utilized to assess the seismic capacity of the damaged (or as-is) condition
of masonry walls and buildings.
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