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Keywords: The strain hardening fiber reinforced concrete—generally known as the Engineered Cementitious
Long-span buildings Composite (ECC)—has rapidly gained the attention of researchers in recent years. However, most
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of the research on ECC is limited to material and member level, leaving a gap in the under-
standing of its behavior at the structural scale. Therefore, this study investigates the global
seismic response of ECC structures and compares their performance with conventional reinforced
concrete (RC) structures. For this purpose, a case study long span building structure (an aircraft
hangar having a span length of 40 m) is selected. Under the design-level gravity and lateral loads,
its members are separately designed using the conventional RC and ECC. It is observed that for
ECC members, the requirement of longitudinal steel is reduced by 30% when compared with the
conventional RC members. Similarly, owing to an improved tensile behavior, the ECC members
also exhibited a higher shear capacity than RC members, resulting in a significant reduction in the
requirement of transverse reinforcement. The detailed inelastic finite element models for both
design cases (RC and ECC) were subjected to the pushover analysis and nonlinear response history
analysis (NLRHA) to assess their seismic performance. It is observed that (in terms of local and
global seismic demands, structural damage, and ductile behavior) the performance of the ECC
structure is significantly improved when compared to the conventional RC structure. The
comparative cost analysis showed a reduction of 11.9% in the overall material cost of the ECC
structure as compared to RC. These results show that ECC can be effectively used at the full
structural level as an economic solution to ensure the ductile response and superior seismic
performance.
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1. Introduction

The structural design of long-span concrete structures is extremely challenging for designers. This is mostly owing to high moment
demands, which cause undesired high tensile stresses [1] and most of the construction materials except steel are weak in tension.
Despite the complexity involved in their design, they are very popular commercially. Their popularity derives from their necessity in
numerous special applications such as industrial sheds, aircraft hangars, halls, auditoriums, etc. Additionally, long-span structures may
assist in cutting off the cost of intermediate supports, resulting in a more economical design. In the early 10th century, these high
demands were resisted by the use of arches and domes, which reduced the flexural stresses and produced axial compressive stresses
[2]. Later in the 1940 s, reinforced concrete (RC) was proposed for medium to long-span structures incorporating an excessive amount
of steel reinforcement [3]. Furthermore, the advancements in construction materials helped structural engineers to design cost
effective infrastructures. In this way, pre-stressed concrete was introduced for long-span structures, eliminating high reinforcement
and cross-sectional requirements. However, prestressed concrete possesses a shortcoming related to its ductility [4,5]. This limitation
becomes a critical concern when the structure lies in a seismically active region, as seismic design codes recommend the structure and
its elements to be ductile in high seismic zones [6]. Therefore, RC with an excessive amount of steel reinforcement becomes a
compulsion in seismic regions to ensure adequate confinement for ductility [4,5]. However, RC makes the design uneconomical due to
high reinforcement requirements. So, there is a need for an innovative material that can provide ductility without any compromise on
cost, to ensure resilient and cost effective infrastructures.

Several innovative solutions have been proposed to improve the seismic performance of structures by providing ductile elements
and links [7,8]. One of these is to introduce fibers in the cementitious matrix to make the composite ductile. These composites are
termed as fiber reinforced concrete (FRC) [9,10-12]. A special class of high performance FRC that exhibits strain-hardening behavior
in uniaxial tension is classified as Engineered Cementitious Composite (ECC) [13-15] [16-18]. ECC can be a potential candidate to
reduce cross sections and reinforcement requirements due to its enhanced tensile capacity as compared to conventional concrete[19].
Additionally, ECC is lightweight and highly ductile which may also help to improve the seismic performance of the structure [20-25,
26]. However, its material processing and design is not as simple as that of conventional concrete [27], as it requires a
micro-mechanical model to obtain a mix that will ensure strain hardening response. To study its structural behavior, its material
properties are incorporated by the integrated structures and materials design (ISMD) approach proposed by Li [28]. ISMD specifies that
material design should be carried out first to obtain the necessary constitutive model for structural analysis and design.

Several studies have been conducted on different aspects of ECC to study its behavior at the member level using the ISMD [15]. Li
et al. [29] reported that due to the inherent ductility of ECC, it performs better under cyclic loadings as compared to conventional
concrete. ECC has also been proven to possess a high load carrying capacity [30], which is necessary for long-span structures. Maalej
and Li [31] and Szerszen et al. [32] studied the behavior of reinforced ECC members subjected to flexural stresses and developed a
moment-curvature relationship for steel reinforced ECC beams. Similarly, Ding et al. [33] studied the structural behavior of ECC beams
and concluded that the load bearing capacity of non-steel reinforced ECC beams was equivalent to the RC beams with a reinforcement
ratio of 1.86%. Similarly, the behavior of columns, shear walls, and beam-column connections was studied under different types of
static and dynamic excitations [34,35-39]. Due to its enhanced mechanical properties, it was also recommended for the repair and
retrofitting of damaged and deficient RC members [40-45]. However, most of the studies related to ECC are limited to member and
material levels with no comprehensive performance based assessment carried out on a complete structural scale. So, in order to
compare the seismic response of ECC and RC, a complete structural level study is needed on a long-span structure subjected to realistic
loadings using detailed performance-based design/assessment procedures.

This study focuses on the structural design and performance based seismic assessment of long-span ECC structures. Initially, the
material design was performed following the ISMD approach [15] to obtain material properties using a simplified machine learning
based approach [46]. A case study structure having a span of 40 m was selected for finite element modeling. A Finite element model
(FEM) of ECC on a complete structural scale was developed for the case study structure. For the comparative study, an RC finite
element model with the same case study structure was also developed. The linear static analysis method was adopted to obtain local
design actions against dead, live, and seismic loads. For the elastic design, JSCE [47] guidelines were used for ECC, while ACI 318-19
[48] was employed for RC design. The design results revealed that the reinforcement requirements for ECC were significantly lower
and impractical. The practical approach would be to use a reduced cross-section model for ECC. Therefore, the third model with
reduced cross sections of ECC was also considered for comparative analysis. To simulate the actual behavior of ECC, nonlinear
modeling and analyses were conducted to capture its actual response. For performance based evaluation, nonlinearity was induced
only in frame elements, while slabs were modeled as linear elastic. For beams, plastic hinges were assigned using moment rotation
curves as per ASCE 41-17 [49], while the fiber modeling technique was employed for columns. Nonlinear response history analysis
(NLRHA) and pushover analysis were performed to assess the local and global seismic demands and to simulate the actual response of
the structure. Finally, the economic potential of ECC is investigated through material cost estimation and cost comparison with RC.

2. Development of ECC mix

Usually, the material and structural design are performed by two distinct parties and the only connection between the two is the
compressive strength of concrete, regardless of the sequence of design. This method is inapplicable to ECC as its constitutive model
cannot be generated until the material design is finalized. The Integrated Structures and Materials Design (ISMD) method proposed by
Li [15] enables the structural performance to be linked with ECC constituent selection and tailoring. For the usefulness of the ISMD
[15] approach, a constitutive model is needed that when combined with the finite element method, should represent the material
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properties on the structural scale. Therefore, the structural design of ECC should be performed after finalizing the material design and
obtaining the constitutive model. ISMD approach linking structural performance to material properties is shown in Fig. 1.

It is extremely challenging to proportionate a mix that exhibits strain hardening response which makes the material design of ECC
quite complex [10-12]. Initially, it was assumed that strain hardening could only be achieved by increasing the fiber content, however,
this does not appear to be a viable alternative due to the high cost and difficulties associated with the workability of the mix. Later
research suggested that fiber content is not the only factor influencing this behavior [50,51]. The other important parameters that
could influence the behavior of FRC in tension include matrix toughness, matrix tensile strength, fiber properties (elastic modulus,
yield strength, aspect ratio, etc.), and matrix-fiber interfacial properties (frictional bond, snubbing coefficient, etc.) [52,53]. Numerous
researchers [51-57] have presented various approaches for estimating the critical volume fraction (minimum volume of fibers
required for strain hardening), by establishing the correlations among the above-mentioned parameters.

The ECC mix design method is based on a micro-mechanical model (commonly used model for calculating critical volume fraction
of fibers) that necessitates a series of experiments, making the design process extensive, time-consuming, and costly [58]. Conse-
quently, a relatively novel technique, based on a machine learning (ML) model, is applied for obtaining a required mix design [25]. The
machine learning based model was utilized to determine the ECC mix of 35 MPa as well as its associated tensile strength and strain
[25]. Table 1 displays the ECC mix calculated using the ML method [25], which was employed for the design. Table 1 also displays the
fiber properties and output parameters predicted by the ML model. As PVA fibers are mostly used in ECC, therefore a mix with PVA
fibers was used.

3. Selection and design of a case study long-span structure

The selected case study structure is an aircraft hangar located in Karachi, Sindh, Pakistan. The hangar has dimensions of 56 m by
56 m with a clear span of 40 m by 40 m. The plan of the hangar with the beam and column locations is elaborated in Fig. 2. The hangar
is an intermediate moment resisting framed structure without any shear walls or core walls. The gravity loads are carried by slabs and
beams which rest on columns. A curved waffle slab covers the entire aircraft parking space. Fig. 2 shows the plans, elevations, and 3D
model of the case study structure while Table 2 shows the architectural details of the case study structure.

A comprehensive study is conducted to evaluate the seismic performance of ECC as compared to RC. For the analysis and design,
two finite element models (FEM) are developed to compare the structural performance of the novel composite. For the sake of initial
analyses, and to obtain design actions linear static analysis procedure was performed. For the analysis, the input properties for both the
composites (ECC and RC) were separately incorporated into the respective models. Table 3 shows the input material properties
considered for the analysis and design of the structures.

Similar sorts of loads were applied to both computer models. The specifications of seismic and live loads for both models were kept
constant. However, the dead load was different due to the difference in unit weight of ECC and RC. The seismic coefficients are selected
according to the building code of Pakistan 2021 (BCP-2021) [59]. The numerical values of the loading patterns and specification of
seismic loading are summarized in Table 4.

The linear static analysis is performed for both models, for which loads (dead load, live load, and seismic load) and their com-
binations are selected according to ASCE 7-16 [60]. The mass source was defined for the structure as the sum of the dead load and 25%
of the live load as per the International Building Code (IBC) 2021 [6]. The analysis is performed by modeling seismic load as equivalent
lateral force (ELF) procedure following the procedure of ASCE 7-16 [38]. For analyses, the meshing was provided in a rectangular
pattern at a distance of 0.33 m. The slabs were modeled as thin shell elements and a rigid diaphragm was assigned to restrict the
relative movement within the slabs. The second order analysis was also incorporated using a non-iterative P delta technique based on
mass.

Fig. 1. ISMD [15] approach linking structural performance with composite’s material properties.
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Table 1
Selected mix of ECC sample, Properties of fibers, and Output parameters of ML model.

Selected mix of ECC

Cement Fly ash Sand W/B HRWR*
1 0.6 0.6 0.55 0.6%
Properties of Fiber
Volume fraction Elastic modulus Length Diameter
2% 40 GPa 12 mm 40 ym
Output parameters of ML model
Compressive Strength Tensile Strength Tensile Strain Post Cracking Response
35.2 MPa 4.7 3.7% Strain-hardening

«High range water reducer (Polycarboxylate ether based)

Fig. 2. Architectural models of the case study structure (a) floor plan (b) front elevation (c) 3D model (d) back elevation.

Table 2

Architectural details of the case study structure.
Details Dimensions
Number of Stories 3
Total Height of Office spaces 12m
Total Height of the Parking Space 16.1m
Typical Story Height 4m
Floor Area 56 m x 56 m
Span 40 m

The effect of cracked concrete on stiffness was accounted for by the concrete stiffness modifiers as per provisions of ACI 318-19
[27]. However, for ECC stiffness modifiers are expected to be approximately double as compared to that of RC [26], but as they were
not numerically available so being on the conservative side same stiffness modifiers were used for both models.

The static analysis revealed that the design actions for ECC members were considerably lower due to the lower unit weight of the
composite which suppressed dead and seismic loads. The comparison of member responses in terms of shear force and bending
moments for some of the specified beams and columns are graphically shown in Figs. 3 and 4.

The next phase, following the analysis, was to design the structural members. The structural design of RC was performed directly
with the aid of ACI 318-19 code [27]. As ECC possesses significant tensile strength that needs to be considered for the structural design.
ACI 318-19 [27] ignores the tensile capacity of concrete hence it cannot be used for the structural design of ECC. Therefore, the elastic
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Table 3

Input material properties.
Specifications Conventional concrete ECC Steel Rebar
Compressive Strength 35 MPa 35 MPa 420 MPa
Tensile Strength - 4.8 MPa 420 MPa
Elastic Modulus 27.8 GPa [26] 14.8 GPa 210 GPa
Poisson’s ratio 0.2 [26] 0.226 0.28
Tensile strain Capacity - 3.7% 10.8%
Unit weight 2400 kg/m> 1800 kg/m> 7850 Kg/m>

Table 4
Loads along with their specifications used for the design of case study structure.
Load pattern Factors Value
Dead load - As per unit weight
Live load - 1 KN/m?
Seismic Load S 09%4¢g
S 0.30 g
Site class D
Long period transition period 8 sec
Response modification factor 5
System overstrength factor 3
Deflection amplification 5.5
Occupancy importance factor 1

design of ECC was performed using the Japan society of civil engineering (JSCE) guidelines “Recommendations for design and con-
struction of high-performance fiber reinforced concrete with multiple fine cracks” [26]. JSCE guidelines provide a simplified stress and
strain distribution for both compression and tension stresses along the depth for flexural members as shown in Fig. 5. Longitudinal
reinforcements for beams and slabs are computed against design bending moments calculated via linear static analyses. Alongside,
special attention was given to beam to column capacity ratio to ensure that the column yields first as prescribed by the seismic design
codes [6,27].

Furthermore, in reinforced ECC a major proportion of shear is resisted by fibers that must be incorporated in shear design. JSCE
guidelines [26] provide a simplified equation to calculate the shear capacity of the ECC members by using Egs. (1) and (2). It can be
seen that mainly three components are providing shear resistance for ECC. The additional parameter is the shear resisted by the fibers
which is not present for conventional RC.

For column design, three-dimensional capacity interaction surfaces were used. These capacity surfaces were developed using the
nonlinear fiber modeling approach. Reinforcements are assumed and trial cross-sections are employed in ascending order. The design
actions and the three-dimensional capacity surface are compared to calculate adequate cross-section and optimum amount of steel for
ECC columns.

Vo =Ve +VitV [€)

Where V;, Vi, and V; are the shear capacities provided by concrete, transverse steel, and fibers respectively. While Vy is the ultimate
shear capacity of the member.

_ S
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fva design tensile yield strength of ECC, f,q = 0 when f,q is smaller than 1.5 N/mm?.

B, angle of the diagonal crack surface to the member axis. g, = 45°.

7y 1.3 for shear (Factor of safety)

z distance between location of compressive stress resultant to centroid of tensile steel, may generally use d/1.15.

Tables 5 and 6 with Fig. 6 show the comparison of reinforcement requirements of both models. It is clear that the reinforcement
needed in ECC members is comparatively lower than in RC and is mostly governed by the minimum reinforcement requirements. It
suggests that the cross sections for the ECC model should be further reduced to get a more economical and practical design. Therefore,
a third model was developed with reduced cross sections, and its analyses and design were performed in a similar manner. Its static
analysis showed an average of 20% further reduction in the design actions, due to the lower self-weight of the elements. The design
results of the reduced cross-sections ECC model are summarized in Table 7.

The design results, as shown in Tables 5, 6, and 7, show that the reinforcement requirement for ECC models was considerably lower
as compared to RC. It is mainly due to the lower unit weight of ECC (which suppressed the dead and seismic load), and the promising
tensile capacity of ECC. Further reduction in cross section led to more reduced demands resulting in a more economical design.

The design performed as per JSCE guidelines [26] showed an average of 30% reduction in the longitudinal steel requirements along
with a 25% reduction in cross-section for beams. Similar results were obtained by Szerszen et al. [19] while studying ECC members and



Fig. 3. (a) Comparison of shear forces in 3rd storey beams along the length, (b) Comparison of bending moments in beams in 3rd storey along the length (Refer Fig. 2 for G1-G2 and A1-A2).
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Fig. 5. Flexural stress & strain profile as per JSCE guideline.
Table 5
Design results for beams.
Beams ECC RC
Size (BxH) mm Longitudinal Reinforcement Shear reinforcement Longitudinal Reinforcement Shear reinforcement
Top Bottom Top Bottom
Exterior beams 500 x600 3 # 22 bars 3#10 bars - 4 # 32 bars 3 # 25 bars #13 @ 100 mm c/c
Interior beams 500x600 3#19 bars 3#10 bars - 2 #32 bars 2 # 22 bars #13 @ 115 mm c/c
Middle beams 600 x700 3# 25 bars 3#10 bars - 2 #32 bars 2 # 22 bars #13 @ 100 mm c/c
Table 6

Design results of columns.

Columns RC ECC

Size (BxH) mm  longitudinal steel (mm?) Shear reinforcement Size (BxH) mm longitudinal steel (mm?) Shear reinforcement

Exterior Columns 600 x600 2036 #13 @ 100 mm c/c 600 x600 1620 -
Interior Columns 600 x600 14000 #13 @ 50 mm c/c 600 x600 12900 -
Middle Columns 600 x600 3600 #13 @ 130 mm c/c 600 x600 3600 -

reported an increase in capacity by up to 230% for smaller values of reinforcement with similar cross sections. Likewise, Ding et al.
[33] studied the structural response of ECC beams and concluded that the moment capacity of non-steel reinforced ECC beams was
comparable to the RC beams. Moreover, owing to an improved tensile behavior, the ECC members also exhibited a higher shear ca-
pacity than RC members, as a result theoretically no shear reinforcement was required in the complete structure. Li et al. [61] also
reported that the shear capacity of ECC beams without stirrups is comparable to RC beams with adequate shear reinforcement provided



S.A. Khokhar et al. Case Studies in Construction Materials 20 (2024) e03129

46 806
35 o
To) 30 600 -
- @S 25 - 400 E
© -
£l @cp < :
s 20 s 200
wn 15 - o
7] a L L o L L
3 10 & o—+
5 £ -ol15 -0.1 -0.05 ] 0.05 0.1 o0.p5
a 5 |;, . . 200 | . . .
0o T RCC F
P S — y ECC -400 F
L L L 16 L L _600
-0.04 -0.03 -0.02 -0.01 1] 0.01 0.02 366
STRAIN STRAIN
(a) (b)
Fig. 6. Stress-strain curves (a) for ECC and Conventional concrete (b)Steel Rebar.
Table 7
Design results of ECC Reduced cross section model.
Beams Beams Columns Columns
Size (BxH) Longitudinal Shear Size (BxH) longitudinal steel Shear
mm Reinforcement reinforcement mm (mmz) reinforcement
Top Bottom
Exterior 250 x500 3#25 2#22 - Exterior 600 x600 1748
beams bars bars columns
Interior 250 x500 2#25 2#19 - Interior 600 x600 13900
beams bars bars columns
Middle 250 x500 3 #29 3#22 - Middle 450 x450 4072
beams bars bars columns

using the Ohno shear test. The same was also reported by Shimizu et al. [62] while studying reinforced PVA-ECC beams. The enhanced
shear capacity is mainly due to fiber bridging and micro cracking phenomena. These previous studies also validate that the ECC
member without any shear reinforcement is also safe [39,40,63,64]. The design results of columns are also improved as compared to
RC. The overall requirement for longitudinal steel is reduced up to 15% with no requirement for transverse reinforcement. The
performance of reinforced ECC columns has been experimentally investigated when subjected to cyclic loadings [20]. The study
showed an increased capacity of reinforced ECC columns as compared to RC columns. RC column showed severe cracks of width
reaching 2.5 mm at 0.015 rad deflection angle. While those in reinforced ECC are only 0.3 mm at 0.03 rad deflection angle [20]. This
study also validates the improved performance of ECC columns numerically on the complete structural level.

Furthermore, the eigenvalue analysis was performed to evaluate the modal properties and natural time periods of the structure. The
modal analysis showed a linear translation along the principal axis in the first two modes and showed torsional deformation in the third
mode which removes the concerns related to any eccentricity within the structure. Table 8. shows the summary of modal analysis
results. It can be observed that the natural time periods for the ECC models are relatively higher due to lower structural level stiffness,
which can be the result of lower modulus of elasticity, reduced cross-sections, and lower stiffness modifiers assumed for the ECC model.
Since for ECC, the cracks are bridged by the fibers, the damage tolerance of ECC translates into enhancement in the tension stiffening
response of reinforced ECC members. In general, tension-stiffening is defined as the increase in stiffness over the bare steel rein-
forcement due to the tensile load carried by the concrete material after cracking [65,66]. It is estimated that the stiffness modifiers
should be double as those for RC [26]. However, due to the unavailability of numeric values of the stiffness modifiers for ECC, being on
the conservative side, the same stiffness modifiers are used for both materials.

Table 8

Modal analysis result summary.
Time Period ECC (Reduced Cross-section) sec ECC (same sections) sec RC sec
1st Mode (Translation in X) 1.905 1.795 1.057
2nd Mode (Translation in Y) 1.869 1.683 0.97
3rd Mode (Torsional) 1.699 1.543 0.882
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4. Performance based seismic evaluation

The structural failures due to seismic activities have revealed the uncertainties of code based design procedures and demonstrated
the necessity of methodologies for structural performance evaluation and design. The root cause of the problem is the insufficient
assessment and treatment of the substantial uncertainties in the loadings and the complex structural behavior in the nonlinear range
[67]. Performance based analysis allows us to capture the complete material behavior, even beyond the linear elastic range. Since ECC
exhibits good post-cracking response, nonlinear analyses are required to fully capture its response at the structural level, which cannot
be done using linear analysis. In addition to that, there may be uncertainties involved with new and novel material like ECC, these can
be accounted for by performance based assessment.

For this study, a comparative performance based seismic evaluation of both the composite materials (RC and ECC) is carried out
using pushover analysis (nonlinear static) and non-linear response history analysis (nonlinear dynamic) against both design basis
earthquake (DBE) and maximum considered earthquake (MCE). DBE-level earthquake is defined as a ground motion having a 10%
probability of exceedance in 50 years whereas MCE-Level earthquake is defined as a ground motion having a 2% exceedance in 50
years. Furthermore, to assess the seismic performance of ECC, the results from the nonlinear analysis of the conventional concrete
model are compared with 2 different ECC models, one having the same cross-sections as the conventional concrete model and the other
with reduced cross-sections, as discussed in Section 3. In short, there are a total of 3 inelastic models, and all 3 models are analyzed for
both DBE and MCE level earthquakes yielding a total of 6 seismic responses.

4.1. Nonlinear modeling

For the purpose of performing detailed Nonlinear Response History Analysis (NLRHA) and Pushover Analysis (PA), nonlinear 3D
models are created using ETABS [68]. Beams and columns are modeled as nonlinear elements whereas slabs are modeled as linear
elastic. To introduce nonlinearity in beams, moment rotation plastic hinges are modeled as per ASCE-41-17 [69] provisions. These
plastic hinges are modeled at 0.1 L distance from the beam ends (L being the beam span). The shear behavior is assumed to be linearly
elastic, but shear demands are checked and compared against corresponding capacities to check for any shear failure. For columns
nonlinear fiber modeling approach is used to capture the nonlinear behavior of columns. In this approach, the cross-section of the
element is divided into a specific number of fibers, with some fibers made up of concrete, and some of the embedded steel rebars, and
each fiber is then assigned the respective stress strain model. In all 3 nonlinear models, fibers are assigned up to the length of 0.1 at
both ends of the columns. A constant modal damping is defined as 5% for all the modes in all three FEMs.

The material level constitutive models for steel, conventional concrete, and ECC are assigned to the respective models along with
their hinge limits as shown in Fig. 6. For steel, Park’s model, and for conventional concrete Mander’s model [70] is used to obtain the
idealized stress strain relationship. The mathematical formulation of Mander’s model [70] has been illustrated in Eqs. 3-10.

f= Sfoexr
=

= 3
r—14+x" ®

€
X =
e(‘L‘

Eee = €co- |:1 +5. (f# - 1> :| (5)
fm

where f; = compressive strength at €,

(C)]

where f/CE: compressive strength of confined concrete

where €.= longitudinal compressive concrete strain

where €..= longitudinal compressive concrete strain at ultimate strength

where €.,= longitudinal compressive concrete strain at ultimate strength of unconfined concrete

where f, = compressive strength of unconfined concrete

Ec
= 6
: EC - Esec ( )

where E.= Modulus of elasticity of concrete

fee
E ce

, , 94.f ’
foo=F(~ 125442254, 1 +%72.ff4 6)

Eec =
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Where S= the spacing of transverse reinforcement

Where d;= the height of transverse reinforcement

Where p..= ratio of area of longitudinal reinforcement to area of core of section

Where p = ratio of the volume of transverse confining steel to the volume of confined concrete core

Where f,= yield strength of transverse steel

For ECC both (compression and tension) behaviors must be considered to simulate the actual response of the composite. For this
purpose, Ding et al. [71] model for compressive stress strain curve of ECC. The mathematical framework for this model has been
explained in Eqgs. 11-15.

2
7 14327(1) —0.327(i> 0<f<1 an
Je €o €o €o
2 0748 (i) 117485 51 12)
Je €o €o

Where 6= Compressive stress of ECC at strain e.
Where f,= Compressive strength of ECC
The next step is to find the inflection point by simultaneously solving the Eqs. 13 and 14

Jg = 0.745 — 0.00341f. (13)
gi = 1.341 4 0.00465f, (14)
o

Finally, use Eq. 15 to find the post inflection point curve

7~ 0.0465 (i) —0.0032f, +0.807 (15)
Je £o

Similarly, Quan et al. [72] model for tension are used to develop a material level constitutive model as shown in Fig. 6. The method
provide two coordinate points of tensile stress strain curve, using those the complete constitutive model is obtained in terms of bi linear
stress strain curve as depicted by Fig. 6. These two points include the yield point stress (o,.) and strain (¢,.), and the ultimate point stress
(0w )and strain (e,). The mathematical formulae for calculating these points are shown in Egs. 16-19

. L.V,
%€ _07.1n <f—vf) —0.16 (16)
Om df

Where o4,= Tensile strength of matrix
Where Ly= Length of fiber used
Where Vy= Volume of fiber used
Where d;= Diameter of fiber used

N AT 17)
m dy
L.V,
£ = 6.6.In (M) —-10.7 (18)
d
£ Ot (19)

T ViE +(1-V)E,

Where Ef= Elastic modulus of fiber used

Where E,,,= Elastic modulus of matrix

The elastic modulus of the composite is calculated directly from the stress-strain curve [27]. Whereas Poisson’s ratio and unit
weight are calculated using JSCE guidelines [26] as mentioned in Table 3. The material’s idealized stress strain curves were included in
the FEM along with the performance level in terms of IO, LS, and CP as shown in Fig. 6.
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4.2. Selection of ground motions

The site is located in Karachi, Sindh, Pakistan. The site class is D as per geotechnical reports, and the seismic design coefficients are
found to be Sg = 0.94; S; = 0.3 [37] as mentioned in Table 5. Other parameters required for the selection of ground motion are taken
from published literature and are mentioned in Table 9.

The ground motions are obtained from the PEER website using the above parametric criteria. Three ground motions were selected
for the dynamic analysis namely (earthquake name/station name/direction) Kern County/LA-Hollywood Stor FF/90, Northridge/LB -
City Hall/90, and Chi-Chi Taiwan/CHY027/90. The spectral matching was performed [74] in the time domain to scale the selected
ground motion according to our design spectrum of the site [38], so that lateral loadings are within the limit for which the structure is
to be designed. The key seismic parameters for the ground motions are shown in Table 10. The time histories, original spectrum, and
matched spectrum are shown in Table 11 for each ground motion.

5. Results and discussion
5.1. Nonlinear static (Pushover) analysis

The lateral performance of the structure is evaluated by pushing it statically up to a certain displacement, known as roof
displacement, to calculate its base shear capacity. Pushover analysis helps to calculate any structure’s base shear capacity in the form
of static pushover curves. The pushover curve also allows to calculate the complete lateral response of the structure. As the purpose of
this study is to compare the material behavior at the structural level for both reinforced ECC and RC, static pushover curves are
determined for all 3 models in the first mode pattern along the x and y axis respectively as shown in Fig. 7. The hinge states of all the
models are also monitored at the last step when displacement is the maximum which ensures maximum number of hinges have been
formed.

Fig. 7 shows how ECC performs significantly better as compared to RC under lateral loading. The curves in Fig. 7 clearly verify that
the ultimate load bearing capacity of ECC members is double as compared to RC. Furthermore, due to strain hardening behavior of
ECC, the ECC models do not show a sudden drop in the load bearing capacity. Even though, due to reduced cross-sections, stiffness is
decreased but still, the base shear capacity is significantly better as compared to RC. This verifies the economic aspects of ECC without
any compromise on the capacity of the structure. Alongside, the hinge results confirmed that the plastic hinges formed are way less
(almost 7 times less) in ECC structures as compared to RC due to the inherent ductility of ECC as shown in Figs. 8 and 9.

5.2. Results of nonlinear time history analysis (NLTHA)

For NLTHA, a sample ground motion is needed that can be applied to the structure. The ground motion used is as described in
Section 4.2 and is applied to the structure after being spectrally matched to the design response spectrum. This analysis is performed on
all 3 nonlinear models and the comparison of their responses is summarized in Figs. 10 and 11.

The results showed an increase in story drift and displacement in ECC due to its lower stiffness. The drift and displacement are still
within the limits prescribed by the codes [6]. As ECC can sustain much higher strains the higher displacements (as validated by
pushover curves in Fig. 7.) can also be considered safe as far as they are acceptable considering serviceability requirements. This fact
can also be validated by pushover curves that ECC structures yield at much higher drifts as compared to RC, as shown in Fig. 8.
However, the overturning moments and storey shears are reduced in the case of ECC and are much lesser for reduced cross-section ECC.
This is due to the lower unit weight of ECC, which reduces the overall seismic weight of the structure [6]. Fig. 12 and Fig. 13 show the
plastic hinges formed in the structures in the case of DBE-level and MCE-level excitations respectively. The results clearly show that
plastic hinge formation is minimum for ECC structures due to the greater amount of ductility. This clearly shows that the damages
produced in the members of ECC are way lesser as compared to RC for a similar level of ground motion.

6. Comparative cost analysis

Considering the material constituents, the per unit volume cost of ECC is higher than that of conventional concrete. However, this
study revealed that the cross sections and amount of steel needed for similar structures are quite less for ECC. This led to performing a

Table 9
Site hazard parameters.
Selection Values Reason
Criteria
Fault Type Reverse/Oblique The closest fault and most contributing to Karachi and hence site is Nagar-Parkar Fault which is a reverse fault [49]
Magnitude 6.4-8.2 On average Nagar-Parkar fault causes earthquakes of this magnitude range [73]
Ryp (Km) 40-150 Km Distance of Nagar Parkar fault to Karachi city
Rgyp (Km) 40-150 Km Distance of Nagar Parkar fault to Karachi city
Vs3o (m/s) 180-360 m/s Corresponding to Class D [38]
D5-95 (sec) 30-50 sec To ensure number of cycles for peak response
Pulse No Pulse-like Records ~ Not Applicable
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Table 10
Key parameters for the selected ground motions.
Parameter Northridge Kern County Chi-Chi Taiwan
Magnitude 6.69 7.36 7.62
Station LB - City Hall LA-Hollywood Stor FF CHYO027
Mechanism Ry (Km) Rgyp (Km) Reverse 53.94 57.68 Reverse 114.62 117.75 Reverse Oblique 41.99 41.99
Table 11
The ground motions with their matched and original spectra.
Ground Motion Matched Spectrum
Northridge/LB - City Hall/90, 0.8
0.05 07 Original Accelerogram spectrum
0.04 £ E 0.6 Matched Accelerogram Spectrum
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detailed material cost estimation of both structures. For this purpose, a structure with conventional concrete and ECC with reduced
cross sections is used. ECC with the same cross-sections is neglected for cost estimation because such large cross-sections of ECC are
impractical to be used. The details of the bill of quantities (BOQs) are summarized in Table 12.

The material cost of BOQs summarized in Table 13 is calculated using Pakistan’s local market rates for 2021. The conversion rate
used is 1 USD = 172.5 PKR as per November 2021. For concrete, the rate is directly estimated from the volume. However, for ECC rate
is calculated using the constituent’s amounts and their discrete rates. The summary of the cost calculated is shown in Table 13.

The cost estimation as shown in Table 13 shows an 11.9% reduction in the overall material cost of the structure. Additionally, it has
been proven that the serviceability and maintenance cost of ECC is also way less due to its self-healing property [75-77]. In this way,
the ECC structures apart from being safe, can be cost effective in both the long and short term as compared to RC.
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Fig. 7. The normalized static pushover curves (a) along X-axis (b) Y-axis.

(b)

Fig. 8. The hinge states (performance levels) at the last step of pushover analysis about Y axis (roof drift = 3%). (a) RC (b) ECC Reduced Cross-
sections (¢) ECC same Cross-sections.
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Fig. 9. The hinge states (performance levels) at the last step of pushover analysis about X axis (roof drift = 2.2%). (a) RC (b) ECC Reduced Cross-
sections (¢) ECC same Cross-sections.

7. Conclusions and recommendations

This research was able to conduct a comprehensive seismic assessment of the long-span ECC structure. For the very first time, both
linear and nonlinear FEA models of ECC on the structural scale were developed considering a material level constitutive model. A
complete structural design and nonlinear analyses of ECC structures and their comparison with RC structures were performed, and the
following conclusions were made:

e Due to the lower unit weight of ECC, the design actions for structural members were approximately reduced by 25% because of the
reduction in dead and seismic loads.

e Due to the better tensile capacity of ECC, the cross sectional sizes of the structural members were reduced by 25%, making ECC a
good alternative to RC in the case of long-span structures. This observation indicates the potential of ECC for long-span structural
applications.

e The structural design performed using JSCE guidelines showed an over 30% reduction of longitudinal steel in flexural members and
about 15% reduction in longitudinal steel in compression members. Alongside, theoretically, the shear reinforcement requirement
throughout the structure was eliminated, due to additional shear capacity provided by the fibers.
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Fig. 10. MCE level storey level responses against Kern County/LA-Hollywood Stor FF/90 (a) storey displacement (b) storey drift (c) storey shear (d)
overturning moment.

Fig. 11. DBE level storey level responses against Kern County/LA-Hollywood Stor FF/90 (a) storey displacement (b) storey drift (c) storey shear (d)
overturning moment.
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Fig. 12. The hinge states (performance levels) of NLTHA at DBE level against Kern County/LA-Hollywood Stor FF/90 (a) RC (b) ECC reduced cross
sections (¢) ECC same cross-section.
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() (b) (c)

Fig. 13. The hinge states (performance levels) of NLTHA at MCE level against Kern County/LA-Hollywood Stor FF/90 (a) RC (b) ECC reduced cross
sections (c) ECC same cross-section.

Table 12
BOQs of RC and ECC.
BOQs of RC
Item Quantity Units
Volume of Concrete Flexure members 1654 m®
Column 254 m®
Total 1908 m?
Rebars weight Flexural members 115968 Kg
Column 41998 Kg
Total 157966 Kg
BOQs of ECC
Item Quantity Units
Volume of Concrete Flexural members 1274 m®
Column 200 m®
Total 1474 m®
Rebar’s weight Flexural members 73342 Kg
Column 25000 Kg
Total 98342 Kg
PVA fibers Total 2852 Kg
Table 13
Summary of cost.
Material Unit cost Price
Concrete USD 46.37/m> 98,550
Steel rebars USD 1.12 /Kg 178,000
Total Price USD 276,550
Ingredient Quantities Unit price Total Price
Kgs PKR
Cement 965454 3.48/- per 50 kg 67,130
Fly-ash 382159 0.035/- per kg 13,275
PVA fibers 38350 0.70/- per Kg 26,700
Fine Sand 885000 0.0058/- per kg 5100
Superplasticizer 5792 3.77/- per kg 21,500
steel 98342 1.11/- per kg 109,000

Total Price USD 243,480

The nonlinear analyses clearly showed better seismic performance (in terms of local and global seismic demands, structural
damage, and ductile behavior) of ECC due to its increased capacity and lower inertial forces being developed within the structure.
The static nonlinear analysis showed that the significantly damaged elements (plastic hinges above CP) in the ECC structure were
around 12, while at the similar drift in the RC structure were about 79. This clearly shows that ECCs perform better as compared to
RC under lateral loadings. Similar sorts of results were obtained for non-linear dynamic analysis as well.

However, due to the lower material stiffness of ECC, the displacements and drifts calculated using linear and nonlinear analyses
were higher as compared to RC. But still, the values were within the limits prescribed by IBC 2021.

The detailed cost estimation comparison showed an 11.9% reduction in the material cost of the structure, which endorses ECC’s
commercial implementation potential.

The results clearly demonstrate the effectiveness of ECC to be used at full structural scale as a cost effective solution for sustainable
and resilient long span structures.
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It is recommended that future research should be carried out to find actual parameters to avoid assumptions in the design process.
The design procedure and certain assumptions, being on the safer side, adopted in this paper give conservative designs. These con-
servative approaches are due to the unavailability of authentic numeric data for ECC. For example, stiffness modifiers and damping
ratio for ECC should be investigated for further accuracy in design and analysis procedures. Alongside this, the structural response of
ECC in other special structures should be investigated.
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