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a b s t r a c t 

Highly ductile cement-based materials have emerged as alternatives to conventional concrete materials to im- 

prove the seismic resistance of reinforced concrete (RC) structures. While experimental and numerical research on 

the behavior of individual components has provided significant knowledge on element-level response, relatively 

little is known about how ductile cement-based materials influence system-level behavior in seismic applica- 

tions. This study uses recently developed lumped-plasticity models to simulate the unique failure characteristics 

and ductility of reinforced ductile-cement-based materials in beam hinges and applies them in the assessment of 

archetype frame structures. Numerous story heights (four, eight, and twelve), frame configurations (perimeter 

vs. space), materials (conventional vs. ductile concrete), and replacement mechanisms within the beam hinges 

are considered in the seismic analysis of the archetype structures. Results and comparisons are made in terms 

of the probability of collapse at 2% in 50-year ground motion, mean annual frequency of collapse, and adjusted 

collapse margin ratio (ACMR) across archetype structures. The results show that engineered HPFRCCs in beam 

plastic-hinge regions can improve the seismic safety of moment frame buildings with higher collapse margin 

ratios, lower probability of collapse, and the ability to withstand large deformations. Data is also reported on 

how ductile concrete materials can reduce concrete volume and longitudinal reinforcement tonnage across frame 

configurations and story heights while maintaining or improving seismic resistance of the structural system. Re- 

sults demonstrate future research needs to assess life-cycle costs, predict column hinge behavior, and develop 

code-based design methods for structural systems using highly ductile concrete materials. 
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. Introduction 

Reinforced concrete (RC) members are designed to resist lateral

orces and are detailed to undergo large inelastic flexural deformations

n plastic hinge regions [1,2] . In seismic lateral resisting systems, beams

re typically designed with lower strengths compared to columns to en-

ure damage occurs in beams rather than columns to reduce the like-

ihood of forming a story mechanism which is essential for structural

tability [2] . Problems related to reinforcement congestion and concrete

onsolidation issues are often encountered when trying to achieve the

esired detailing in plastic-hinge regions [3,4] . High-performance fiber-

einforced cementitious composites (HPFRCCs) [5,6] have emerged as

 potential solution where applications in structural components have

hown significantly enhanced load carrying capacity [7,8] , ductility

9,10] , and damage tolerance [11–13] while minimizing transverse re-

nforcement requirements and reducing congestion. 

Unlike traditional reinforced concrete flexural members without ax-

al loads which predominantly fail due to crushing, reinforced HPFRCC
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exural members without axial loads often fail due to tensile rupture of

he mild rebar [14,15] . While failure generally occurs at high levels of

eformation, certain HPFRCC material properties or reinforcement ra-

ios can cause failure at low levels of deformation when a tensile crack

ocalizes, causing a loss in strength that cannot be compensated by the

ost-crack localization contribution of the reinforcing steel [16] . These

hanges in behavior necessitate a review of how various material prop-

rties and structural characteristics influence component- and system-

evel response. 

Recent numerical studies have built on experimental research to

redict deformation capacity [17] , understand factors that influence

tructural response in greater detail [16,18] , and predict plastic-hinge

esponse [19–21] . In a recent study by the authors [22] , a spring-hinge

odeling approach was developed to simulate the response of rein-

orced HPFRCC beams under cyclic loading. The model was further

pplied to investigate the seismic performance of a four-story archetype

einforced concrete frame with HPFRCC beams. Results showed an

ncrease in the collapse margin ratio and a reduction in the probability
om (E.A. Jampole), bandelt@njit.edu (M.J. Bandelt) . 
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f collapse when comparing a tailored HPFRCC frame to a traditional

C frame model. 

This paper builds on the authors’ recent work by assessing the perfor-

ance of a group of buildings containing HPFRCC beams in the lateral

esisting system. The buildings are selected from a suite of structures

nalyzed and designed by Haselton et al. [23] . Due to the limited avail-

bility of plastic hinge modeling of axially loaded members [22,24–26] ,

olumns are not considered within the scope of this study. The buildings

nclude variations in frame types and number of stories. The assessment

onsiders design alternatives that can be utilized to improve the per-

ormance of RC frames by incorporating ductile concrete materials. The

esults show the probabilistic performance of RC frames using HPFRCC

aterials, and the implications of material replacement on seismic per-

ormance are discussed. 

. Design principle for reinforced HPFRCC frames 

Moment-resisting frames are designed against the target base shear

y incorporating the response modification factor (R), which illustrates

he degree of expected inelastic deformation and ductility capacity. The

raming elements are sized and reinforcement is detailed to resist the

nternal actions from flexure, shear, and axial effects due to the lateral

way of the building from seismic excitations. The sizing and reinforce-

ent detailing requirements of moment-resisting frame buildings are in-

ended to ensure uniform distribution of damage along the height of the

uilding by achieving strong-column/weak-beam design, thereby pre-

enting brittle shear failures and enabling the flexural yielding in the

lastic-hinge regions [2,27–29] . The strong-column/weak-beam princi-

le is of paramount importance in achieving the safety of buildings un-

er earthquakes. This allows for uniform distribution of lateral drift and

elps avoid a soft-story phenomenon. This study focused on replacing

C beam hinges with reinforced HPFRCC hinges because the modeling

pproach was calibrated to an experimental database limited to beams

ue to limited experimental data for reinforced HPFRCC columns [22] .

ence, possible design approaches for reinforced HPFRCC beam sec-

ions are discussed. 
ig. 1. (a) RC Frame (b) Case1-HPFRCC frame (c) Case2-HPFRCC frame (d) Beam sec

PFRCC section. 

104 
Moment-resisting frame buildings are usually designed for target

ase-shear strengths, which are less than the strength required to keep

he structure elastic based on the response spectra [30] . Thus, the build-

ng will experience an inelastic response under ground shaking. Previ-

us experimental testing and numerical studies have suggested certain

esign principles for RC members to ensure a ductile response without

remature degradation in strength. These principles include: maintain-

ng strong column-weak beam ratios, detailing for the plastic hinge re-

ions, and avoiding brittle failures (shear and axial) [2,27–29] . Among

ll, the strong column-weak beam ratio is of paramount importance for

he distribution of damage along the height of the building. If a build-

ng has weak columns, the damage will concentrate on one or a small

umber of stories leading to structural collapse. On the other hand, if

he columns are stronger than beams by a sufficient margin, then dam-

ge will be more uniform, provided that plastic-hinge regions satisfy

uctility requirements. It is worth noting that columns in a particular

tory support the weight of the building above, whereas beams resist

he tributary gravity loads only. Therefore, the failure of a column can

uickly lead to a complete collapse of a building. This study focused

n replacing RC beam hinges with reinforced HPFRCC hinges because

he modeling approach was calibrated to an experimental database lim-

ted to beams due to a lack of experimental data for reinforced HPFRCC

olumns [22] . Hence, possible design approaches for reinforced HPFRCC

eam sections are discussed. 

The bending moment at yield for an RC beam hinge was calcu-

ated based upon the Whitney stress block assumption [23] as shown in

ig. 1 e. The yield strength for reinforced HPFRCC members was based

pon stress and strain distribution considered by Tariq et al. [22] and

okhrel and Bandelt [19] ( Fig. 1 f). Since the ultimate tensile strain

f HPFRCC exceeds the yield strain of the steel observed during ten-

ion stiffening experiments [31] , the yield moment capacity considered

he tensile strength of HPFRCC in tension along with yield strength

f steel [22] . Initial analysis showed higher moment capacity of rein-

orced HPFRCC beams as compared to the RC beam under the same

ross-section ( 𝑏, ℎ ) and reinforcement details ( 𝜌𝑡 , 𝜌𝑏 ), as expected. The

ncrease in the moment strength ranged between 10% and 95% with
tion (e) Stress strain profile for RC section (f) stress strain profile for reinforced 
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Table 1 

Design Information for Modern RC Special Moment Resisting Frame Buildings 

[23] . 

Frame ID Frame Configuration Stories Bay Width Foundation Fixity 

[#] - [#] [m] - 

1009 Perimeter 4 9.1 GB 

1010 Space 4 9.1 GB 

1011 Perimeter 8 6.1 GB 

1012 Space 8 6.1 GB 

1013 Perimeter 12 6.1 GB 

1014 Space 12 6.1 GB 

A- Strength and Stifness stepped as per common design practice 

GB- ”Grade Beam ”-includes rotational stiffness of grade beam 
n average of 38% which led to a reduction in the strong column-weak

eam (SCWB) ratio at each joint, with an average reduction of 37.5% as

ompared to SCWB in conventional RC frames [23] . 

Based upon this rationale, two HPFRCC frame configurations were

onsidered in this study, and the results were compared with a tra-

itional RC frame model ( Fig. 1 a-c). In the first model, the HPFRCC

eam hinge properties were based on the RC beam sections designed by

aselton et al. [23] and are referred to herein as the “Case1-HPFRCC ”

rame. This frame can be thought of as a simple material replacement of

oncrete for HPFRCC in beam hinge regions without any consideration

o changes in structural components or system response. In the second

rame model, the section height ( ℎ ) and reinforcement details ( 𝜌𝑡 , 𝜌𝑏 )

ere designed to ensure the same value of SCWB ratio as the RC frame

odel named as the “Case2-HPFRCC ” frame. 

The flexural behavior of reinforced HPFRCC beams was considered

here the deformation capacity increases by increasing the reinforce-

ent ratio [32] . The effect of reinforced HPFRCC beams on joint shear

apacity and slab punching failure was not considered. An iterative pro-

ess was adopted for the design of reinforced HPFRCC beams. The first

tep was to solve for beam height ( ℎ ) under the same reinforcement ra-

io ( 𝜌𝑡 , 𝜌𝑏 ) against the target moment of an RC cross-section at the yield

evel based on Equation 1 from Tariq et al. [22] 

The depth of the reinforced HPFRCC beam was incrementally de-

reased until the yield strength approached the desired strength. Then

he reinforcement ratio was adjusted to match the strength of the RC

eams. The cross-section details including element size ( 𝑏, ℎ ) and longi-

udinal reinforcement ratio ( 𝜌𝑡 , 𝜌𝑏 ) of Case2-HPFRCC beams for all con-

idered frames are archived in Appendix A . Column sizes were all the

ame for RC, Case1-HPFRCC, and Case2-HPFRCC frames. The beams are

6cm × 46cm to 76cm × 81cm and have the positive and negative rein-

orcement ratios of 0.35% to 1.2% and 0.5% to 2.0%, respectively. 

. Collapse assessment methodology 

A seismic collapse risk assessment was performed by utilizing a

erformance-based earthquake engineering (PBEE) approach, which

orrelates the site-specific ground shaking with the expected response

hrough nonlinear time history analysis to predict the probabilistic dam-

ge or collapse ( Fig. 2 ). This method has been used by numerous re-

earchers to predict the probabilistic seismic performance of various

einforced concrete and steel structures [23,33,34] . In this research,

he process began by identifying archetype buildings with variations in

uilding heights, bay widths, and frame configurations. The next step

as to idealize the archetype models to reflect the response of the struc-

ural system. A minimum number of bays were identified to account for

n overturning moment on the exterior and interior frames. The model-

ng parameters of various components of the archetype structures were

alculated based on expected material properties and the models have

he ability to capture cyclic strength degradation under large cyclic re-

ersals ( Fig. 2 a). 

The collapse performance was evaluated through incremental dy-

amic analysis (IDA) under a prescribed set of ground motions; each

caled linearly to higher intensity levels until one or several stories of

he model became dynamically unstable, referred to herein as side-sway

ollapse. The nonlinear analysis must fully converge at large deforma-

ions to predict collapse. A variety of nonlinear solutions algorithms

ere used to satisfy the dynamic equation of equilibrium at each time

tep, such as a Newton Solution, Modified Newton Solution, and Krylov

ewton Solution. If the selected algorithm was unable to satisfy the

ystem of equations within specified tolerances, different solutions al-

orithms were attempted automatically. [35] 

The structural response was quantified in terms of the maximum

tory drift ratio adopted as an engineering demand parameter. The 5%

amped spectral acceleration, 𝑆𝑎 ( 𝑇 ), corresponding to the fundamen-
1 

105 
al period ( 𝑇 1 ) was then correlated with maximum story drift ratio in

he form IDA curves ( Fig. 2 b). IDA curves were reported for the control-

ing component of each record pair to account for the three-dimensional

ffect of the building. The median IDA curve was then computed for

ach archetype model, and the uncertainty associated with record-to-

ecord variability ( 𝜎𝑙𝑛,𝑅𝑇𝑅 ) was then reported. The spectral accelerations

t collapse were further processed through statistical means to com-

ute fragility curves to better understand the variability in the response

36] . The collapse capacity was adjusted to account for variability in the

pectral shape ( 𝜀 ), and modeling ( 𝜎𝑙 𝑛,𝑚𝑜𝑑𝑒𝑙 𝑖𝑛𝑔 = 0 . 5 ) uncertainty based on
uidelines proposed by Haselton et al. [37] ( Fig. 2 c). 

The final step was to calculate the mean annual frequency of col-

apse ( 𝜆𝑐𝑜𝑙 ), which required integrating the site-specific hazard curve

 Fig. 2 d), which gives the probability of exceeding a ground motion in-

ensity, and the model’s adjusted collapse fragility curve, which informs

he collapse probability of a structure corresponding to particular inten-

ity measure, 𝑆𝑎 ( 𝑇 1 ). The mean annual frequency of collapse ( 𝜆𝑐𝑜𝑙 ) was
lso calculated. This metric is used to predict seismic performance and

escribes how likely a structure is going to collapse given the structure’s

ollapse capacity and site-specific seismic hazard. 

. Description of archetype buildings 

Six buildings were selected from the suite of buildings analyzed and

esigned by Haselton et al. [23] and are summarized in Table 1 . These

uildings were representative of low to medium-rise office buildings lo-

ated in Northern California, Los Angeles [23] . The corresponding coor-

inates of the site are 33 . 996 ◦ Lat., −118 . 16 ◦ Long. and classified as Site
lass D based on soil properties. The buildings range from four to twelve

tories and further comprise of two different configurations: perimeter

nd space frame buildings. Fig. 3 a-b shows the layout of building con-

gurations where the frames were designed to resist gravity and lateral

oads for space frame buildings, and exterior frames resisted lateral loads

or the perimeter frame buildings. 

The height of the bottom story was 4.57 m, while the upper stories

ere 3.96 m high for all the buildings Fig. 3 c-e. The columns were uni-

ormly spaced at 9.1 m for four-story buildings and 6.1 m for eight and

welve-story buildings. The design of each archetype was based on code-

ased prescriptive procedures following ACI 318 [38] and ASCE7 [39] .

urther details on structural design can be found in Haselton et al. [23] .

Member sizes were governed by strength requirements, strong col-

mn weak beam provisions, joint shear requirement and allowable story

rifts under design seismic forces. The beam cross-sections were uni-

orm in perimeter frame buildings, and section sizes were stepped down

or space frame buildings. The column cross-sections were the same

or exterior and interior bays in space frame buildings. The interior

olumns were larger as compared to exterior columns in perimeter frame

uildings. The geometric details of structural sections can be found in

ppendix A . 
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Fig. 2. Concept of probabilistic collapse assessent. 
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. Modeling of archetype frames 

In this study, a two-dimensional three-bay model was employed for

he purpose of collapse risk investigation as identified in Fig. 3 a-b for

oth the space and perimeter frame buildings. The selection of three

ays was governed by the model’s ability to account for the behavior of

xterior and interior frames. The analysis of the models was performed

n OpenSees, an open-source platform for earthquake engineering sim-

lations [40] . The schematic representation of the analysis model along

ith key aspects are shown in Fig. 4 . The structural components were

odeled by elastic beam-column elements with nonlinear behavior con-

ned to the end regions and represented by rotational springs. 

The reliable prediction of seismic performance relies on the ability of

he model to capture the material and section deterioration in the form

f cyclic degradations at large deformations. To this end, the nonlin-

ar behavior of RC hinges was modeled by the Ibarra-Medina Krawin-

ler (IMK) model with a peak-oriented hysteretic response as shown

n Fig. 3 c [41] . The hysteretic properties of the model, such as ini-

ial stiffness ( 𝑘 𝑒 ), yield moment ( 𝑀 𝑦 ), Maximum to yield moment ra-

io ( 𝑀 𝑢 ∕ 𝑀 𝑦 ), plastic rotation ( 𝜃𝑝 ), post capping rotation ( 𝜃𝑝𝑐 ), residual

trength ratio ( 𝑀 𝑟 ∕ 𝑀 𝑦 ) and cyclic strength degradation parameter ( 𝜆)

ere obtained from the empirical equations developed by Haselton et al.

23] . 

The inelastic behavior of reinforced HPFRCC beam hinges was rep-

esented by the Pinching4 hysteretic model [42] as illustrated in Fig. 3 d.

ey parameters of the model include; yield moment ( 𝑀 𝑦 ), ultimate mo-
106 
ent ( 𝑀 𝑢 ), capping moment ( 𝑀 𝑐 ), residual moment ( 𝑀 𝑟 ), yield rota-

ion ( 𝜃𝑦 ), ultimate rotation ( 𝜃𝑢 ), capping rotation ( 𝜃𝑐 ), residual rotation

 𝜃𝑟 ) and energy based cyclic strength degradation parameter ( 𝑓 2 ). The

odeling properties were based on the approaches and empirical equa-

ions developed by Tariq et al. [22] . 

The effect of cracking at the column footing joint was incorporated

y modeling a semi-rigid rotational spring at the base of the first story

olumn ( Fig. 4 a). The elastic stiffness of the footing spring was based

n the grade beam and soil stiffness. The flexibility at the beam-column

oint due to shear cracking was also considered by modeling a finite

ength two-dimensional joint represented by the ’Joint2D’ model [43] .

ll modeling parameters were based on the actual material properties.

he compressive strength of the concrete was 35 MPa. The material

roperties of HPFRCC comprised compressive strength, 35 MPa; tensile

trength, 2.2 MPa; and modulus of elasticity, 25,000 MPa. Values were

hosen to simulate a mixture for large-scale mix design [44] . Further,

he yield and ultimate strength of the reinforcing bars were 462 MPa

nd 690 MPa. The mechanical properties of concrete, HPFRCC, and re-

nforcing materials are also summarized in Table 2 . Other details, such

s rotational stiffness of footing and joint spring, transverse reinforce-

ent ratio, and spacing, can be found in Haselton et al. [23] . 

The expected gravity loads were calculated based on the tributary

rea, including 1.05 times the dead load (8.4 kN/m 
2 ) and 0.25 times

he live load (2.4 kN/m 
2 ) [45] . The loads were applied to the beam in

he form of uniformly distributed load ( 𝑊 𝑡𝑟𝑖𝑏 ). Similarly, a uniform mass

as assigned to each joint, and tributary widths were used in calculating
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Fig. 3. Layout of considered archetypical buildings plan and elevation (a) space frame building plan (b) perimeter frame building plan (c) four-story (d) eight-story 

(e) twelve-story. 

Table 2 

Pertinent mechanical properties. 

Description Units HPFRCC Frame RC Frame 

Modulus of Elasticity MPa 25,000 27,800 

Compressive Strength MPa 35 35 

Tensile Strength MPa 2.2 - 

Rebar Yield Strength MPa 462 462 

Rebar Ultimate Strength MPa 490 - 

Gravity Loads KN/m 
2 8.4 8.4 

t  

o  

F  

l  

a  

s  

c  

t  

w

 

t  

A  

s  

d  

l

 

l  

a  

m  

g  

w  

i  

H  

l  

H  

m  

(

6

 

h  

i  

g  

t  

f  

t  
he seismic mass equal to the bay width for the space frame and half

f the total width of the building for the perimeter frame as shown in

ig. 3 a-b. For the case of the perimeter frame structures, the gravity

oads that were not part of the primary lateral load resisting system were

lso considered to account for additional P-delta forces that the gravity

ystem imposes on the perimeter frame by modeling a fictitious “leaning

olumn ”. The loads ( 𝑊 𝑎𝑥𝑖𝑎𝑙 ) corresponding to each floor were assigned

o leaning (P- △) columns which were connected to the primary frame

ith axially rigid struts. 

Composite action from the beam and slab was also considered in

erms of calculating the strength following the approach developed by

CI [2] and stiffness based on the recommendations provided by Robert-

on [46] . Moreover, Rayleigh damping corresponding to 5% critical
107 
amping was applied to the first and third modes following the guide-

ines proposed by Zareian and Medina [47] . 

The fundamental period ( 𝑇 1 ) of all archetype frame models calcu-

ated from eigenvalue analysis are reported and compared in Table 3

nd Fig. 5 . The results for RC, Case1-HPFRCC, and Case2-HPFRCC frame

odels are represented by black, red, and green lines and further distin-

uished by bar types for space (solid) and perimeter (hatched) frames. It

as observed that the natural period increased with height of the build-

ng, as shown in Fig. 5 . As expected, the reported periods for reinforced

PFRCC frame models were greater than RC frame models due to the

ower modulus of elasticity ( 𝐸). Moreover, the natural period for Case2-

PFRCC frame models was greater than RC and Case1-HPFRCC frame

odels by 15% and 12%, on average, due to the smaller section depth

 ℎ ) and modulus of elasticity ( 𝐸). 

. Seismic hazard 

A set of 40 pairs of earthquake records, each with two orthogonal

orizontal components, were chosen for incremental dynamic analysis

n this study. The details regarding the acceleration time history of the

round motion records were obtained from Haselton et al. [23] where

hese records were also used for the collapse assessment of modern rein-

orced concrete buildings. The selection and scaling of the ground mo-

ion was conducted by Goulet et al. [48] where the 80 ground motions
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Fig. 4. (a) Schematic representation of analysis model for archetype frame (b) typical IMK model for RC beam and column hinges (c) typical Pinching4 model for 

HPFRCC beam hinges. 

Table 3 

Summary of Collapse Risk Assessment Results for Archetype Frames. 

Design ID Stories Frame Type Model Type 

Period 𝑆 𝑐𝑡 ACMR 𝑃 [2∕50] 𝜎𝑙𝑛,𝑡𝑜𝑡𝑎𝑙 𝜆𝑐𝑜𝑙 × 10 −4 

[sec] [g] [-] [-] [-] [col/year] 

1009 4 Perimeter 

RC-Haselton 1.16 1.87 2.51 0.08 0.65 2.10 

RC-model 1.17 1.82 2.49 0.09 0.67 2.79 

Case1-HPFRCC 1.21 1.44 2.02 0.14 0.66 4.51 

Case2-HPFRCC 1.38 1.76 2.71 0.06 0.66 2.09 

1010 4 Space 

RC-Haselton 0.86 3.17 3.40 0.03 0.65 0.70 

RC-model 0.86 3.13 3.36 0.03 0.68 1.14 

Case1-HPFRCC 0.91 2.54 2.90 0.05 0.64 1.58 

Case2-HPFRCC 1.04 2.79 3.52 0.02 0.62 0.87 

1011 8 Perimeter 

RC-Haselton 1.71 1.00 1.77 0.19 0.64 6.30 

RC-model 1.72 0.93 1.71 0.21 0.65 6.80 

Case1-HPFRCC 1.75 0.87 1.62 0.23 0.65 7.56 

Case2-HPFRCC 1.97 1.00 2.11 0.12 0.65 3.96 

1012 8 Space 

RC-Haselton 1.8 1.23 2.29 0.09 0.62 2.40 

RC-model 1.8 1.21 2.31 0.10 0.65 3.13 

Case1-HPFRCC 1.84 1.10 2.17 0.12 0.65 3.78 

Case2-HPFRCC 1.98 1.17 2.47 0.08 0.65 2.78 

1013 12 Perimeter 

RC-Haselton 2.01 0.85 1.84 0.16 0.62 5.20 

RC-model 2.02 0.83 1.78 0.18 0.63 5.55 

Case1-HPFRCC 2.06 0.74 1.61 0.25 0.71 11.50 

Case2-HPFRCC 2.4 0.82 2.02 0.14 0.65 7.11 

1014 12 Space 

RC-Haselton 2.14 0.83 1.91 0.15 0.62 4.70 

RC-model 2.19 0.82 1.86 0.16 0.63 5.43 

Case1-HPFRCC 2.23 0.60 1.38 0.29 0.59 12.00 

Case2-HPFRCC 2.48 0.79 1.98 0.13 0.60 6.61 

𝑆 𝑐𝑡 : Adjusted median collapse; ACMR : Adjusted collapse margin ratio; 𝑃 [2∕50] = Probability of collapse at 2% in 50 years motion 

𝜎𝑙𝑛,𝑇 𝑜𝑡𝑎𝑙 = 
√ 

𝜎2 
𝑙𝑛,𝑅𝑇𝑅 

+ 𝜎2 
𝑙𝑛,𝑚𝑜𝑑𝑒𝑙𝑖𝑛𝑔 

; 𝜆𝑐𝑜𝑙 : Mean annual frequency of collapse 

108 
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Fig. 5. Effect of number of stories on natural period. 

Fig. 6. (a) Response spectra of individual ground motions and spectra for various levels of intensity (b) Hazard curve for three spectral periods for LA Bulk Mail site. 
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eflect seven hazard levels ranging from 50% in 5 years to 2% in 50

ears for the site located in Northern California. The response spec-

ra of the individual record along with seven hazard levels is shown

n Fig. 6 a. Further, the selected ground motions were far-field ground

otions with pertinent properties, include peak ground acceleration

 > 0.2g) magnitude ( > 6.5), distance from source to site (10 km) and site

lass (D). 

It should be noted that the ground motions records did not account

or the characteristics of spectral shape ( 𝜀 ) of the rare ground motions

hat are likely to cause a collapse of the structures. It has been observed

hat ignoring the effect of spectral shape ( 𝜀 ) may under predict the me-

ian collapse capacity by 50%, on average [23,34] . The uncertainty in

he collapse was accounted for by adjusting the fragility curve based on

he method developed by Haselton et al. [23] where the expected ep-

ilon, 𝜀 , value of 1.5 was used for the considered site and hazard level. 

Fig. 6 b shows the hazard curve of the site of interest, which describes

he annual probability of exceedance of a ground motion intensity. The

azard curves for three different natural periods were obtained based

n the seven hazard levels ( Fig. 6 a). The hazard curve permits the cal-
109 
ulation of the mean annual frequency of collapse ( 𝜆𝑐𝑜𝑙 ) by integrating

ith the fragility curve. 

. Seismic performance results and discussions 

.1. Numerical results 

The analysis results for the 18 archetype frame structures are sum-

arized in Table 3 and Fig. 11 for the selected site in Los Angeles. It

s worth noting that collapse predictions were based on the controlling

omponent of the record pair and also accounted for uncertainties in

pectral shape ( 𝜖) and modeling ( 𝜎𝑙 𝑛,𝑚𝑜𝑑𝑒𝑙 𝑖𝑛𝑔 ) as described in Section 3 .

he metric used for quantifying the seismic performance of each frame

s tabulated in Table 3 including adjusted median collapse ( 𝑆 𝑐𝑡 ) obtained

irectly from the fragility curve ( Fig. 2 c), adjusted collapse margin ratio

ACMR) which is the ratio of adjusted median collapse capacity ( 𝑆 𝑐𝑡 ) and

pectral acceleration 𝑆𝑎 𝑀𝐶𝐸𝑅 ( 𝑇 1 ) that has 2% probability of exceedance

n 50 years motion, probability of collapse corresponding to spectral ac-

eleration at the MCER level ( 𝑃 [2∕50] ), and mean annual frequency of
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Fig. 7. Comparison of normalized IDA curves for twelve-story space frame building ID: 1014. 
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ollapse ( 𝜆𝑐𝑜𝑙 ). The results published by Haselton et al. [23] are also

abulated in Table 3 for the RC frame referred to as ’RC-Haselton’ for

eference. 

As shown in Table 3 , the adjusted collapse margin ratios vary from

.7 to 3.4, 1.4 to 2.9, and 1.98 to 3.5 for the RC, Case1-HPFRCC, and

ase2-HPFRCC frame models with an average value of 2.25, 1.95 and

.47 respectively. The probabilities of collapse ( 𝑃 [2∕50] ) conditioned
n the 2% in 50 years ground motion range from 0.03 to 0.21, 0.05 to

.29, 0.02 to 0.14 for the RC, Case1-HPFRCC, and Case2-HPFRCC frame

odels with an average value of 0.13, 0.18 and 0.09. Similarly, the mean

nnual frequency ( 𝜆𝑐𝑜𝑙 ) of collapse varies from 1.1 ×10 −4 to 6.8 ×10 −4 ,
.6 ×10 −4 to 12 ×10 −4 , 0.87 ×10 −4 to 7.1 ×10 −4 collapses/year for the
C, Case1-HPFRCC, and Case2-HPFRCC frame models with an average

ate of 4.1, 6.8 and 3.9. The mean annual frequency further corresponds

o the mean collapse return period of 2500, 1470, and 2570 years for

hree frame models, respectively. 

Fig. 7 presents sample results from the incremental dynamic analy-

is for a twelve-story space-frame building (ID: 1014). The results are

ormalized by spectral acceleration, 𝑆𝑎 𝑀𝐶𝐸𝑅 ( 𝑇 1 ) at the MCER level for
ach archetype frame model for the purpose of comparison. Figs. 7 a-c

how the individual IDA curves and median curve for three correspond-

ng frames represented by gray and red lines. The median IDA curves of
110 
hree frame models are compared in Figs. 7 d, where each IDA curve can

e classified into three stages: (1) initial elastic stage at lower intensity

evels, (2) inelastic stage with an increment of peak ground accelera-

ions, and (3) a dynamically unstable phase where the slope of each

urve became close to zero. 

Case1-HPFRCC frame models showed a similar behavior as com-

ared to the RC model until a spectral acceleration ratio of 0.5, at which

oint the response started to deviate significantly at a higher level of

eformation demand. The predicted median collapse capacity ratio was

6% lower than the RC model. The reduction in the collapse capacity is

ttributed to the higher strength of the beams leading to a lower value

f SCWB ratio (1.18) as compared to the RC model (1.7), on average,

hich restrained the hinge formation to the first story columns only and

aused a soft story collapse mechanism. 

Case 2-HPFRCC frame model showed higher deformation demand

nder the same level of spectral intensity ratio, as compared to the RC

odel, due to its higher natural period ( 𝑇 1 ). However, the collapse mar-

in ratio increased by a factor of 1.02 and 1.4 compared to the RC and

ase1-HPFRCC frame models. The difference appeared to be due to the

igher rotational capacity of reinforced HPFRCC beams. Further, design

ecisions that maintained the same strong column-weak beam relation

SCWB = 1.7) as compared to the RC frame model aided in spreading
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Fig. 8. Comparison of normalized IDA curves for twelve-story space frame building ID: 1014. 
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he hinge mechanism along the height of the frame and improved the

nergy dissipation of the structure. 

The corresponding normalized fragility curves are shown in Figs. 8 a-

 for each frame model. Each figure illustrates the empirical collapse

apacity, log-normally fitted collapse curve with respect to record-to-

ecord variability ( 𝜎𝑙𝑛,𝑅𝑇𝑅 ), modeling uncertainty ( 𝜎𝑙 𝑛,𝑚𝑜𝑑𝑒𝑙 𝑖𝑛𝑔 ), and spec-

ral shape ( 𝜖). The adjusted fragility curve for each frame model is fur-

her compared in Fig. 8 d. The Case2-HPFRCC frame model showed the

ighest collapse safety of the three frame configurations considered.

ompared to the RC frame model, the Case2-HPFRCC frame models

ave slightly higher collapse margin ratios, approximately 1.06 times

arger, indicating a lower risk of collapse. The Case1-HPFRCC frame

odel suffered a strength discontinuity in the upper stories due to the

igher strength of the beam, which decreased the collapse safety. Simi-

arly, the probability of collapse ( 𝑃 [2∕50] ) from a 2% in a 50-year earth-

uake is also compared across the three frame configurations where the

ase2-HPFRCC frame showed the lowest probability (0.13) followed by

he RC frame (0.15) and the Case1-HPFRCC frame model (0.29). 

The damage patterns of three frames are compared along the height

f the frame for a representative ground motion under the same peak

round acceleration (PGA) value (3.0g) ( Fig. 9 ). The damage accumu-

ation is quantified as a rotation demand of each spring-hinge where

he demand exceeds yielding ( 𝜃𝑦 ), 75% of capping ( 0 . 75 𝜃𝑐 ), capping ( 𝜃𝑐 )
111 
nd residual rotation ( 𝜃𝑟 ) are represented by cyan, green, orange and

ed colors, respectively. The corresponding damage against each limit

tate is classified as minor, moderate, significant, and collapse. The def-

nition of performance levels coincides with limit states defined in ASCE

1-17 [49] for RC frame structures. The Case1-HPFRCC frame showed

 soft-story mechanism due to the lower SCWB ratio, which led to an

arly yielding of columns, confining the inelastic deformation to the

rst story as illustrated in Fig. 9 b. In contrast, the Case2-HPFRCC frame

odel showed multistory damage distribution similar to the RC frame

odel ( Fig. 9 c). 

The distributions of story drift ratios along the height of the frames

ere also analyzed under the same ground motion. Fig. 10 shows the

aximum story drift ratios of each frame model corresponding to the

ame earthquake intensity (PGA = 3g). It is again observed that deforma-

ion in the upper stories of the Case1-HPFRCC frame model was lower

han in the RC and Case2-HPFRCC frame models due to the soft story

echanism in the eleventh and first story. A maximum drift of 6.3%

as observed at the first story right before the collapse as compared

o a drift ratio of 4% and 3.6% for RC and Case2-HPFRCC frame mod-

ls, respectively. For Case 2-HPFRCC frame models, no evidence of a soft

tory was observed. The largest drift observed at the first story of Case2-

PFRCC was 9% less than the RC frame. This difference is attributed to

he higher natural period of the Case2-HPFRCC frame, which resulted
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Fig. 9. Comparison of damage propagation for twelve-story space frame building ID: 1014 under earthquake record Northridge, 120,151 (PGA = 3.0g). 
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n a reduction in the force and displacement demand according to the

esponse spectra ( Fig. 6 a). 

.2. Effect of number of stories and frame configuration 

The collapse performance of all archetype frames is compared across

uilding heights and is differentiated with respect to perimeter and

pace frame configurations in Fig. 11 . The relationship between ACMR

nd building height is illustrated in Fig. 11 a. The results suggest that

he collapse margin ratio decreases with an increased number of sto-

ies. This is attributed to the reduction in the rotational capacity of

olumns due to higher axial loads and predominant P- △ effects, which

educe the drift capacity of the structure due to negative stiffness. Fur-

her, the space frame buildings showed improved performance with

CMRs that were 26%, 23%, and 14% higher, on average, as compared

o perimeter frame buildings for RC, Case1-HPFRCC, and Case2-HPFRCC

odels, respectively. This difference is due to the smaller P- △ effect,

hich increased the higher system ductility and strength. The results

re in agreement with the existing finding for ductile and non-ductile

C frames [50,51] . Moreover, the ACMR for the Case2-HPFRCC frame

as 9.7% and 26% greater than the RC and Case1-HPFRCC frames,

n average. Regardless of height, the Case1-HPFRCC frame buildings

howed the worst performance due to a soft-story mechanism, whereas

he Case2-HPFRCC frame showed uniform distribution of damage along

he height of the building ( Fig. 9 and Fig. 10 ) 

Fig. 11 b shows trends in the probability of collapse ( 𝑃 [2∕50] ) from
 2% in 50-year earthquake. Results showed similar trends where taller

uildings have a higher probability of collapse. The trend was the

ame for perimeter frame buildings with collapse risks 60%, 40%, and
112 
8% greater than the space frame buildings for RC, Case1-HPFRCC,

nd Case2-HPFRCC frame models. Further, the Case2-HPFRCC frames

howed a reduced probability of collapse when compared to RC frames.

he performance was better for perimeter frames (30% reduction in the

robability of collapse) as compared to space frames (20% reduction). 

The mean annual frequency of collapse ( 𝜆𝑐𝑜𝑙 ) is further compared

n Fig. 11 c for the site considered. Results illustrate a higher collapse

isk with a larger number of stories, except the 12-story perimeter RC

rame, which showed lower collapse risk due to a smaller value of log-

ormal standard deviation ( 𝜎𝑙𝑛,𝑇 𝑜𝑡𝑎𝑙 = 0.63) as compared to the 8-story

erimeter RC frame ( 𝜎𝑙𝑛,𝑇 𝑜𝑡𝑎𝑙 = 0.65). Consequently, space frame build-

ngs had lower annual rates of collapse with mean annual frequencies

hat were 1.5, 1.34, and 1.28 times lower than perimeter frame build-

ngs for RC, Case1-HPFRCC, and Case2-HPFRCC frames. Further, the

ase1-HPFRCC and RC frames are approximately 1.75 and 1.1 times

ore likely to collapse when compared to the Case2-HPFRCC frame,

espectively. The difference in the estimated risk for RC and Case2-

PFRCC frames is more pronounced for space frames (1.14) as com-

ared to the perimeter frames. Additionally, the mean annual frequency

f collapse ( 𝜆𝑐𝑜𝑙 ) for a 12-story Case2-HPFRCC frame was higher than

he RC frame model by 24%, on average. This could be attributed

o the higher flexibility due to the reduction of beams in the Case2-

PFRCC frame leading to higher P-delta effects. This issue could be

ddressed by designing the structure with a response modification fac-

or ( 𝑅 ) calibrated to the dynamic characteristics of reinforced HPFRCC

oment frames. However, due to the lack of research on the response

odification factors, HPFRCC frame models were analyzed with a de-

ign that was based on the same value of the response modification

actor. 
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Fig. 10. Comparison of story drift ratio for twelve-story space frame building ID: 1014 under earthquake record Northridge, 120,151 (PGA = 3.0g). 
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Finally, the collapse risk of Case2-HPFRCC frames was further com-

ared with acceptable limits specified in FEMA P-695 [52] . The reported

esults show acceptable performance where the probability of collapse

onditioned on the maximum considered earthquake intensity is ≤ 10%

n average and less than 20% for each archetype model. 

.3. Concrete volume and steel weight 

In addition to evaluating and comparing the probabilistic seismic

erformance, the concrete volume and reinforcing bar weight reduction

re also compared for RC and Case2-HPFRCC frame models in Fig. 12 to

emonstrate other potential benefits of HPFRCCs on construction. The

oncrete volume for Case2-HPFRCC frame models was reduced by a fac-

or of 1.12, on average, and the volume reduction was two times higher

or perimeter frames as compared to space frame buildings ( Fig. 12 a).

his can be attributed to the reduction of the beam cross-section height

 ℎ ) along the height of the building as compared to space frames, where

ross-section sizes were reduced until a particular story. The reinforce-

ent ratio was reduced for the remaining stories to achieve a similar

trength for reinforced HPFRCC beams as compared to RC beams. 

Fig. 12 b shows the reduction in reinforcing bar weight for Case2-

PFRCC frames as compared to RC frames for perimeter and space

rame configurations. The reinforcing bar weight in beams of Case2-

PFRCC frames was reduced by 11%, on average. The area of steel was

ecreased despite increasing the reinforcement ratio in the beams for

ase2-HPFRCC frame models because of a smaller cross-section height

 ℎ ). These results imply significant potential benefits from a con-
113 
truction standpoint while maintaining (or improving) seismic system-

evel response. More research in this area including studies on the

ife-cycle costs of HPFRCC systems and the cost of fibers in ductile

oncrete system will provide more well-understood potential finan-

ial incentives for the use of high-performance materials in seismic

pplications. 

. Conclusion 

This study presents the seismic performance of 18 RC frame models

ith heights ranging from four to twelve stories and two framing sys-

ems: perimeter and space frames. In addition to conventional RC frames

esigned by Haselton et al. [23] , two design variants were considered in

hich concrete was replaced by a representative HPFRCC material in the

lastic-hinge region of the beams. In the first variant (Case1-HPFRCC),

he reinforced HPFRCC beam hinge properties were selected to mirror

he section details designed by Haselton et al. [23] such that only the

aterial (HPFRCC vs. concrete) was replaced and all other section prop-

rties were the same. Alternatively, the second variant (Case2-HPFRCC)

sed reduced beam sections to account for the higher flexural and shear

trength of the reinforced HPFRCC to achieve the same SCWB as the

onventional RC frames. The numerical modeling approach adopted for

onventional RC frames was based on recommendations provided by

aselton et al. [23] , and a modeling framework adopted for reinforced

PFRCC hinges was based on the method developed by Tariq et al.

22] . Numerical models were subjected to incremental dynamic anal-

sis (IDA) for the evaluation of seismic performance. 
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Fig. 11. Comparison of collapse risk assessment as a function of the number of stories (a) collapse margin ratio (b) Probability of collapse at 2% in 50 years motion 

(c) mean annual frequency of collapse. 
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The eigenvalue results showed a reduction in the initial stiffness

f HPFRCC frames due to a lower modulus of elasticity, resulting in

 higher fundamental period. The Case2-HPFRCC frame had the highest

exibility due to beam height reduction and lower material stiffness.

indings from probabilistic collapse assessment suggest similar perfor-

ance between the Case1-HPFRCC frame and the RC frame at lower

ntensity levels. A soft-story mechanism governed ultimate failure in

he Case1-HPFRCC frame due to the lower SCWB ratio caused by the

igh strength of reinforced HPFRCC beams. The Case2-HPFRCC frame
114 
odel illustrated higher deformation at lower intensities of ground

haking; however, performance at collapse demonstrated better perfor-

ance compared to RC and Case1-HPFRCC frame models. A distributed

lastic-hinge mechanism was observed along the height of the build-

ng. One can achieve seismic performance that is similar to a code-

onforming reinforced concrete frame by redesigning beam-cross sec-

ions with reinforced HPFRCC beams while using less material. 

This assessment found that collapse risk increased with structure

eight, and perimeter frame systems were more vulnerable than space
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Fig. 12. Comparison of concrete volume and reinforcing bar weight reduction in case2-HPFRCC frame model with respect to RC frame model. 
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rame buildings due to predominant P- △ effects. Comparing the re-

ponse of Case1-HPFRCC frames with RC frames showed that the margin

gainst collapse (ACMR) reduced by 13% and the probability of col-

apse ( 𝑃 [2∕50] ) increased by 38%. This increase also corresponded to
 64% higher mean annual frequency of collapse ( 𝜆𝑐𝑜𝑙 ). The reduced

erformance was due to a lower strong column-weak beam (SCWB) ra-

io, which caused localized damage in one story. Case1-HPFRCC frames

ere considered in this analysis to quantify the collapse risk and dissem-

nate the performance among the practicing engineering community.

hen frames are designed using existing approaches for RC structures

y simply replacing the concrete with HPFRCC materials, there can be

nintended consequences. 

In contrast, Case 2-HPFRCC frames showed an increase in seismic

erformance, where the margin against collapse (ACMR) increased by

%. The probability of collapse ( 𝑃 [2∕50] ) and mean annual frequency of
ollapse ( 𝜆𝑐𝑜𝑙 ) were reduced by 20% and 26%, on average, as compared

o RC frame models. The increase in the collapse safety is due to the

esign decisions to maintain a consistent SCWB ratio and the deforma-

ion capacity of HPFRCC members, which helped spread damage along

he height of the building, increased the system level energy dissipation

apacity. 

In addition to analyzing collapse safety, a comparison for material

se was also made. The Case2-HPFRCC frames resulted in a concrete

olume reduction of approximately 10%, on average, as compared to

C structures. This shows that seismic performance can be maintained

hile reducing material consumption when using advanced materials. 

The dynamic analysis in this study included a variety of approxima-

ions such as scaling the ground motions to simulate the intense earth-

uake with a lower probability of occurrence, selection of a simplified

wo-dimensional model, and developing numerical models that are lim-

ted to certain variables and unable to capture the axial-flexure inter-

ction. The large uncertainty in record-to-record variability and model-

ng uncertainty affected collapse predictions significantly. However, the

esults showed relative collapse behavior and can be used for improv-

ng design approaches for buildings employing fiber-reinforced cemen-

itious composite materials. Further, the quantitative risk assessment

resented here offers new knowledge on how practicing engineers must

e aware of the effects of material replacement. Results also encourage

esearchers to conduct more experimental testing to validate the numer-

cal models used in this study. 
115 
The seismic performance of systems can be improved by completely

eplacing the concrete with HPFRCC in beam and column plastic-hinge

egions. This would require developing design parameters, improving

umerical models, and enhancing probabilistic collapse predictions. The

ccuracy of collapse safety is based on the accuracy of numerical mod-

ls whose reliability hinges upon an extensive experimental database.

ence, a number of recommendations are proposed to improve the de-

ign procedure of HPFRCC frames. 

To begin, the upper and lower limit on reinforcement ratios or strain

imits should be developed to identify the various failure modes in re-

nforced HPFRCC, such as crushing, fracture, and bar buckling. These

imits will dictate the design of reinforcement in reinforced HPFRCC

eams. Recent research by Shao et al. [16] has begun to propose lower-

ound reinforcement limits, which should be investigated further in the

ontext of seismic detailing and modeling. 

Next, this study examined the use of HPFRCCs in beam regions due

o the lack of data available to develop modeling approaches for col-

mn elements. Experimental testing should be conducted on reinforced

PFRCC specimens with varying axial loads and shear span-to-depth

atios. Corresponding limits on axial loads and shear spans should be

dentified, and improvements to the plastic hinge length and rotational

apacity of these elements should be determined. Relevant experimental

esting and accompanying numerical models on the effects of axial load

cross a range of HPFRCC materials are underway by the last author

nd will add to the understanding of how these materials can improve

he response of seismic systems. 

Collapse performance can also be evaluated by varying the design

n terms of SCWB ratios, design base-shear strength and design story

rift ratios. This could help code committees to codify design provisions

etter. Furthermore, the accuracy in performing the nonlinear dynamic

nalysis to estimate the fragility curve can be improved by selecting dif-

erent intensity levels, each of which has its own ground motion record

53,54] . Finally, the collapse assessment can also be extended by utiliz-

ng near-field ground motions and would be useful to consider other site

ocations and investigate their impact on the annual rate of collapse. 

eclaration of competing interest 

The authors declare the following financial interests/personal rela-

ionships which may be considered as potential competing interests: 



H. Tariq, E.A. Jampole and M.J. Bandelt Resilient Cities and Structures 2 (2023) 103–119 

 

N  

t  

g

A

 

F  

s  

a  

e  

t  

a

A

S

 

e  

(  

r  

A  

H  

h  

(  

t  

f  

h

Matthew J. Bandelt reports financial support was provided by

ational Science Foundation. Matthew J. Bandelt reports a rela-

ionship with National Science Foundation that includes: funding

rants. 

cknowledgments 

This material is based upon work supported by the National Science

oundation under Grant No. 2141955. Any opinions, findings, conclu-

ions, or recommendations expressed in this material are those of the

uthor(s) and do not necessarily reflect the views of the National Sci-

nce Foundation. The authors also gratefully acknowledge support from

he John A. Reif, Jr. Department of Civil and Environmental Engineering

t New Jersey Institute of Technology. 
Fig. A.13. Summary of beam sectional details for f

Fig. A.14. Summary of beam sectional details fo

Fig. A.15. Summary of sectional details for eigh

116 
ppendix A. Supplementary Details on the Geometry of the 

elected Archtype Frames 

The Appendix A presents the schematic of cross-sectional details for

ach frame type. The cross-section of beams include cross-section width

 𝑏 ), height ( ℎ ), top reinforcement ratio ( 𝜌𝑡 ) and bottom reinforcement

atio 𝜌𝑏 for all the archetype frames considered as shown in Figs. A.13 ,

.14 , A.15 , A.16 , A.17 , A.18 . The Beam cross-section details for Case1-

PFRCC frames are identical to RC frames, whereas sectional details

ave been designed to maintain a similar strong column-weak beam

SCWB) relation compared to the RC in Case2-HPFRCC frames. The sec-

ional geometry of columns is also illustrated at the bottom of the RC

rame for all the buildings. The column’s sizes are uniform along the

eight of the building. 
our-story perimeter frame building, ID:1009. 

r four-story space frame building, ID:1010. 

t-story perimeter frame building, ID:1011. 
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Fig. A.16. Summary of beam sectional details for eight-story space frame building, ID:1012. 

Fig. A.17. Summary of beam sectional details for twelve-story perimeter frame building, ID:1013. 

117 
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Fig. A.18. Summary of beam sectional details for twelve-story space frame building, ID:1014. 
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