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Abstract 

High-performance fiber-reinforced cementitious composites (HPFRCC) have shown benefits in improving infrastruc-
ture resilience but often compromises sustainability due to the higher upfront cost and carbon footprint compared 
with conventional concrete. This paper presents a framework to optimize HPFRCC for improving bridge resilience and 
sustainability. This research considers ultra-high-performance concrete and strain-hardening cementitious composite 
featuring high mechanical properties, ductility, and damage tolerance. This paper establishes links between resil-
ience, sustainability, mechanical properties of HPFRCC, and HPFRCC mixtures. The investigated mechanical properties 
include the first crack stress, ultimate tensile strength, and ultimate tensile strain. With the established links, sustain-
ability is maximized while resilience is retained by optimizing HPFRCC mixtures. The framework is implemented into 
a case study of a bridge that collapsed during construction. Results show that use of HPFRCC enhances resilience, 
and HPFRCC mixtures can be engineered to minimize the material cost and carbon footprint while retaining high 
resilience.

Highlights 

● A practical framework is presented to improve bridge resilience and sustainability.

● High-performance fiber-reinforced cementitious composites are tailored in the framework.

● Effects of mechanical strength and ductility of materials on bridge resilience are evaluated.

● Material cost and carbon footprint are minimized while bridge resilience is improved.

Keywords: High-performance fiber-reinforced cementitious composites (HPFRCC), Redundancy, Optimization, 
Resilience, Sustainability, Strain-hardening cementitious composite (SHCC), Ultra-high-performance concrete (UHPC)

Introduction
Bridge collapse continues to occur and causes cata-
strophic consequences. Bridge collapse is usually attrib-
uted to one or a combination of multiple causes [1]: (1) 
unexpected external effects due to natural and/or anthro-
pogenic events, such as earthquake [2], flood [3], scour 
[4], fire [5], and collision [6]; (2) material deterioration 
and lack of maintenance such as steel corrosion [7] and 
concrete cracks [8]; and (3) inadequate design and/or 
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construction [9, 10]. In concrete bridges, the concrete is 
cracked as the tensile stress exceeds the first crack stress. 
Although steel bars are used to enhance the crack resist-
ance, cracks are unavoidable due to many effects such as 
mechanical loads, shrinkage, and thermal effect. Con-
crete cracks compromise the serviceability and durability 
of bridges and increase the construction and mainte-
nance expenses.

In 2018, a concrete bridge located in Miami, United 
States, collapsed during construction. The National 
Transportation Safety Board (NTSB) and Occupational 
Safety and Health Administration investigated the 
causes of collapse [11–13]. The investigation reports 
indicated that the collapsed bridge lacked redundancy 
which was defined as “the quality of a bridge that ena-
bles it to perform its design function in a damaged 
state” according to AASHTO LRFD Bridge Design 
Specifications [14]. Three redundancy pathways have 
been identified, which are load-path redundancy, struc-
tural redundancy, and internal redundancy [15, 16]. 
The load-path redundancy means that a bridge has 
multiple load paths, and the failure of one load path 
does not cause bridge collapse. Structural redundancy 
exists when damage of one or multiple bridge elements 
does not fail the load path. The internal redundancy 
describes that damage of an element does not fail the 
element. The load-path redundancy focuses on the 
load path; the structural redundancy focuses on one 
load path; and the internal redundancy focuses on the 
elements. Multiple scholars [17–20] investigated the 
causes of collapse and agreed that the collapsed bridge 
lacked redundancy.

The incident spurred bridge engineers to re-think the 
design and construction of bridges, as well as the effec-
tive measures to minimize occurrence of collapse. Mul-
tiple seminars were held to discuss lessons learned from 
the catastrophic incident [21, 22]. Intense attention was 
paid to the use of redundant structural elements and 
multiple load paths to improve the safety and resilience of 
bridges, but the fabrication and installation of more ele-
ments would also increase the cost and carbon footprint. 

In fact, the concept of redundancy was known to bridge 
engineers a long time ago. Indeterminate structures 
have higher resistance to collapse because the inclusion 
of redundant elements reduces the sensitivity to dam-
age. However, it is noted that many studies were based 
on bridges made using conventional concrete, which was 
weak in tension and had limited internal redundancy. It 
must be cautious to extend the concept to the scenario 
where ductile materials are used to fabricate structural 
elements. For example, steel truss bridges have been 
proven successful in numerous projects, because steel is a 
ductile material [16]. It is rational to imagine what would 
happen if ductile concrete were used to construct the 
bridge that collapsed in Miami.

High-performance fiber-reinforced cementitious 
composites (HPFRCC) have demonstrated high ductil-
ity and excellent durability under earthquake [23] and 
fatigue loads [24]. Representative types of HPFRCC 
include ultra-high-performance concrete (UHPC) [25, 
26] and strain-hardening cementitious composites 
(SHCC) [27, 28]. Both UHPC and SHCC feature high 
ductility and use chopped fibers to bridge cracks in 
HPFRCC. Existing studies showed that fibers increased 
crack resistance and enabled cracked HPFRCC to 
carry higher loads. UHPC is designed to achieve high 
mechanical strengths [29] by maximizing the parti-
cle packing density, and SHCC is designed to achieve 
high ductility by tuning fibers, matrix, and fiber-matrix 
interface [30]. SHCC exhibited multifunctionality such 
as self-healing and self-cleaning [31]. Both UHPC and 
SHCC have been used to construct connections of 
bridge decks and girders [32, 33].

Previous research showed that the replacement of 
conventional concrete by UHPC or SHCC improved 
the crack resistance, flexural strengths, shear strengths, 
and fatigue life of girders, slabs, columns, and joints 
[23, 24, 26, 33]. Cracked structural elements were able 
to carry higher loads before they failed. Based on previ-
ous research, it is speculated that the use of HPFRCC in 
bridges will enhance their resilience. Figure  1 illustrates 
the structural and material pathways of the resilience and 

Fig. 1 Illustration of the structural and material pathways to achieve resilience and sustainability
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sustainability of bridges. It is promising to leverage the 
material pathway to supplement the structural pathway 
in improving bridge resilience.

Meanwhile, HPFRCC is known to involve high upfront 
material cost [34] and carbon footprint [35], which cause 
concerns in sustainability. Multiple solutions were pro-
posed to reduce cost and carbon emission. For example, 
material experts developed cost-effective eco-friendly 
HPFRCC mixtures using greener raw materials such as 
industrial by-products, solid wastes, and recycled materi-
als [36–38]. Structural engineers proposed to only utilize 
HPFRCC at the critical positions of structures such as the 
connections of bridge decks [32] and joints of buildings 
[39], while the main bodies of structures were still made 
using conventional concrete reinforced by steel bars.

Two main challenges have been identified from the lit-
erature: (1) The effects of HPFRCC on the resilience and 
sustainability of bridges remain unclear. (2) It is unknown 
how the mixture of HPFRCC should be engineered to 
achieve optimal resilience and sustainability. The chal-
lenges are attributed to knowledge gaps in understanding 
of the effects of the mechanical properties of HPFRCC on 
bridge behaviors and the lack of effective approaches to 
optimize the design of HPFRCC mixtures for intended 
applications.

The overarching goal of this research is to develop a 
framework to improve bridge resilience and sustainabil-
ity by using HPFRCC. Specifically, this study has three 
objectives: (1) to evaluate the effects of key mechani-
cal properties of HPFRCC on the mechanical responses 
of bridges. The investigated properties include the first 
crack stress, ultimate tensile strength, and ultimate ten-
sile strain of UHPC and SHCC; (2) to evaluate the resil-
ience of bridges incorporating HPFRCC with different 
properties; and (3) to develop an effective and efficient 
approach to enhance material sustainability by optimiz-
ing the mixture design of HPFRCC.

The development of the approaches is performed 
based on the bridge that collapsed in Miami in 2018. This 
research has three technical contributions: (1) A practical 
framework is proposed to improve bridge resilience and 
sustainability in terms of the cost and carbon footprint 

by optimizing HPFRCC mixtures. (2) A material path-
way is presented to supplement the structural pathway 
to achieve bridge resilience and to avoid bridge collapse. 
(3) A holistic understanding is established on the effects 
of the mechanical properties of HPFRCC on bridge 
responses.

Methodology
Overview of the framework
Figure  2 shows the framework that aims to improve 
resilience and sustainability via optimizing the mix-
ture design of HPFRCC. The framework is established 
based on relationships between the design variables and 
mechanical properties of HPFRCC as well as the relation-
ships between the mechanical properties of HPFRCC and 
the mechanical responses of bridges. With the bridge 
responses, resilience and sustainability are evaluated and 
optimized.

In this research, the link between the design variables 
and mechanical properties of HPFRCC is established 
using machine learning predictive models developed 
in recent research [40–42], and the link between the 
mechanical properties of HPFRCC and the mechani-
cal responses of bridges is determined via finite element 
analysis. To stand alone, the machine learning predictive 
models are briefly introduced in Section  2.2. The finite 
element analysis approach is presented in Section 2.3. It 
is envisioned that the framework is applicable to assess 
bridge resilience and sustainability under various hazards 
in a life cycle analysis. This research only focuses on the 
implementation of resilience during bridge construction, 
as elaborated in Section 2.4. Sustainability mainly consid-
ers material cost and carbon footprint, as presented in 
Section 2.5.

Machine learning predictive models
Different machine learning models were developed to 
predict the mechanical properties of UHPC and SHCC 
in recent research [40–42]. To avoid duplication, the 
predictive models are only briefly introduced herein. 
The predictive models were machine learning models 
trained using a large quantity of experimental data of 

Fig. 2 Illustration of the presented framework to improve bridge resilience and sustainability
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UHPC and SHCC. The trained models were used to 
reflect the relationship between mixture design vari-
ables and mechanical properties. Examples of mixture 
design variables include the water-to-binder ratio, 
sand-to-binder ratio, binder composition, and so on. 
The mechanical properties include the compressive 
and tensile strengths, first crack stress, ultimate strain 
capacity, and so on.

With the predictive models, the mechanical proper-
ties of HPFRCC mixtures are predictable as long as the 
mixture design variables are provided. In other words, 
the predictive models offer the relationships between 
the mixture design variables and the mechanical prop-
erties of HPFRCC. The prediction accuracy was evalu-
ated using different performance metrics, and the 
evaluation results indicated that the predictive models 
achieved high accuracy [40–42].

Finite element analysis
Three-dimensional finite element analysis was per-
formed to analyze the mechanical responses of bridges 
with HPFRCC. Compared with conventional concrete, 
HPFRCC features unique tensile properties. Figure  3 
shows a representative tensile stress-strain curve [43]. 
HPFRCC bears higher loads after cracks are generated. 
The curve has three linear segments marked by points 
O, A, B, and C: (1) O-A: linear elastic stage, (2) A-B: 
hardening stage, and (3) B-C: descending stage. The 
stress and the strain at point A are the first crack stress 
and the first crack strain, respectively. The stress and 
the strain at point B are the ultimate tensile strength 
and the ultimate tensile strain, respectively. The strain 
at point C is the final strain.

The tensile stress-strain relationship of HPFRCC is 
formulated as:

where σ and ε are the tensile stress and tensile strain, 
respectively; εt0 and σt0 are the first crack strain and first 
crack stress, respectively; εtu an σtu are the ultimate ten-
sile strain and ultimate tensile strength, respectively; and 
εtf is the final strain.

The first crack stress σt0 is the tensile stress at the elas-
tic limit of HPFRCC [43]. The first crack strain εt0 is the 
strain corresponding to the first crack stress. First crack 
stress and first crack strain characterize the crack resist-
ance of HPFRCC. The ultimate tensile strength σtu is the 
peak tensile stress. The ultimate tensile strain εtu is the 
strain corresponding to the peak tensile stress [43]. The 
ultimate tensile strength and ultimate tensile strain char-
acterize the post-cracking behavior. The final strain εtf is 
the tensile strain of HPFRCC when the tensile stress is 
reduced to zero. The final strain is a parameter used to 
control the descending stage in terms of the descending 
slope. More details of finite element models are elabo-
rated in the case study in Section 3.

Evaluation of resilience
Various approaches have been proposed to evaluate the 
resilience of bridges in the literature. In this research, 
resilience is defined as the ability of a bridge to maintain 
a level of robustness during or after an extreme event, 
and the ability to return to a desired performance level 
within the shortest time to minimize the impact on the 
community, as shown in Fig. 4. This section introduces 
the key parameters such as the robustness and recov-
ery time, and justifies the quantification of the key 
parameters.

Robustness (PR) is the residual performance after 
extreme events and is defined as:

where H is the hazard value; V is the vulnerability value 
related to damages in bridges; UF is the uncertainty factor 
used to consider the uncertainties in bridge assessment 
as shown in Eq. (3); and I is the importance factor of the 
bridge. The values of H and I are determined in Tables S1 
and S2 in the supplementary material. The value of PR 
is normalized to the range of 0 to 100% by a constant 
9.259. PR is calculated to represent the worst scenario as 
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Fig. 3 Illustration of the tensile stress-strain constitutive model of 
HPFRCC with high ductility
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an envelope of all hazard and vulnerability combinations 
that could possibly cause interruption of performance.

Recovery time
The recovery time (Trec) is a function of the basic restora-
tion time and adjustment factors, as shown in Eq. (4):

where Trec is the recovery time; Tres is the basic resto-
ration time; α1, α2, and αb are adjustment factors. The 
values of the basic restoration time and the adjustment 
factors are determined in Tables S3 to S6 in the supple-
mentary material.

Resilience
Resilience (R) is calculated as the ratio of the area under the 
post-disruption performance to the area under the target 
performance level, as shown in Eq. (5). The target perfor-
mance level is assumed to be 100% over the control time 
Trec. To compare bridges with regard to their resilience, 
it is useful to put the calculated value in the context of a 
discrete ranking system, as suggested in Table  S7 in the 
supplementary material. The thresholds show the ranking 

(3)

UF =

⎧

⎪

⎨

⎪

⎩

1.2, Visual inspection

1.1, Visual inspection and analytical techniques

1.0, Visual inspection, analytical, and NDE techniques

(4)Trec = Tres × α1 × α2 × αb

method based on resilience value, and they are tailored in 
intended applications.

where P(t) is the performance of the bridge; P(100%) is 
the performance of the bridge at 100% level (non-inter-
rupted); T0 is the time (unit in days) when extreme or dis-
ruptive events take place.

Evaluation of sustainability
With the mixture design of HPFRCC, the sustainability 
of bridge can be evaluated in terms of material cost and 
carbon footprint. The inventory of unit material cost 
and carbon footprint of each ingredient of HPFRCC 
were presented in references [40–42] and adopted to 
calculate the material cost and carbon footprint using 
Eqs. (6) and (7):

where MC and CF are the material cost and carbon foot-
print; n is the number of raw materials; mi is the mass of 
i-th raw material in a unit mass of HPFRCC; ci is the unit 

(5)R =

T0+Trec

T0
P(t)dt

T0+Trec

T0
P(100%)dt

(6)MC =

n
∑

i=0

mi × ci

(7)CF =

n
∑

i=0

mi × CO2 − eqi

Fig. 4 Conceptual illustration of the resilience of a bridge subjected to a disruptive event
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price of the i-th raw material; and  CO2 – eqi is the carbon 
dioxide equivalent of a unit mass of the i-th raw material.

Multi‑objective optimization
With the links between the mixture design variables 
of HPFRCC and bridge resilience and sustainability, 
a multi-objective optimization problem is defined to 
minimize the material cost and carbon footprint while 
retaining the resilience of bridge through optimizing the 
mixture design. In other words, bridge resilience is used 
to define the constraints, and the optimal mixture design 
is searched to minimize the material cost and carbon 
footprint.

The objective functions and design constraints are 
formulated to maximize the mechanical properties and 
minimize the material cost and the carbon footprint of 
HPFRCC. Two objective functions were considered in 
the optimization: (1) the minimal material cost; and (2) 
the minimal carbon footprint.

Four design constraints were imposed to ensure 
high bridge resilience: (I) CS ≥ α1, (II) FCS ≥ α2, (III) 
UTS ≥ α3, and (IV) UTN ≥ α4, where CS, FCS, UTS, 
and UTN denote the compressive strength, first crack 
stress, ultimate tensile strength, and ultimate tensile 
strain, respectively; and αi is the lower bound for the i-
th design constraints. The lower bounds are determined 
through performing a parametric study of the mechani-
cal properties of HPFRCC on the bridge resilience 
based on a finite element analysis. The lowest compres-
sive strength, first crack stress, ultimate tensile strength, 
and ultimate tensile strain of HPFRCC that lead to high 
resilience are used to set the lower bounds of the design 
constraints.

The Non-dominated Sorting Genetic Algorithm II 
(NSGA-II) [44] was adopted to solve the multi-opti-
mization problem. The algorithm searches for a set of 
optimal solutions that define the best trade-off between 

competing objectives. Among the set of design solutions, 
the optimal mixture designs are selected to achieve high 
resilience and sustainability. The selection is performed 
based on the ranking of the design solutions.

The ranking of the design solutions is performed using 
a sustainability index (EI) defined as:

where EIi is the sustainability index of the i-th mix design; 
CFi and MCi are the carbon footprint and material cost of 
the i-th mix design, respectively. The sustainability index 
is between 0 and 1: 0 means the least sustainability, and 1 
means the highest sustainability.

Case study
Bridge description
The bridge was a faux cable-stayed bridge with a deter-
minate prestressed concrete truss girder, as shown in 
Fig.  5a. The bridge had two spans, including a 53.0-m 
main span over an eight-lane roadway and a 30.2-m canal 
span [45]. The walkway deck acts as the bottom flange, 
and the roof canopy acts as the top flange. The diagonal 
struts carry either compression or tension forces, based 
on angles and positions. An accelerated bridge construc-
tion method was adopted to erect the bridge over the 
roadway. After the tendons were stressed, a transporter 
was used to roll the main span into place and set it on the 
piers.

Before the main span was moved using the trans-
porter, concrete cracks were observed in the nodal region 
between truss members 11 and 12 (Fig.  5b). With the 
cracks, the bridge collapsed when tendons in member 
11 were re-tensioned. The canal span, access ramps, and 
faux cable-stay tower were not constructed yet when the 
bridge collapsed [13].

(8)

EIi = 1 − 0.5

[

CFi −min(CF )

max(CF ) −min(CF )
+

MCi −min(MC)

max(MC) −min(MC)

]

Fig. 5 Illustration of the bridge: a rendering of the bridge; and b the critical step causing bridge collapse: re-tensioning of the tendons in member 
11. Cracks were observed at the joint between members 11 and 12 before the re-tensioning operation
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Forensic analysis
Nodal region
According to Federal Highway Administration [13], severe 
underestimation of the demands and overestimation of 
the capacity of the nodal regions were made in the bridge 
design, as shown in Fig. 6. Although the nodal region 1–2 
between members 1 and 2 had the highest demand-to-
capacity ratio, the bridge failed at the nodal region 11–12, 
because the nodal region 11–12 was framed into a 0.6-m 
diaphragm, while node region 1–2 was framed into a 
1.0-m diaphragm.

In addition, the depth of member 11 was only 67% that 
of member 2. NTSB concluded that the concrete distress, 
which was initially observed in nodal region 11–12, was 
consistent with the underestimation of interface shear 

demand and the overestimation of identified capacity in 
the bridge design [13].

Cold joints
The superstructure of the bridge was built offsite 
through casting concrete three times. The concrete 
casting resulted in cold joints at each end of the truss 
members: one end at the bottom of the member (deck-
to-member interface), and the other end at the top of 
the member (member-to-canopy interface), as shown 
in Fig.  7a [13]. In the design of the bridge, multiple 
drawings pointed out that cold joints need to be rough-
ened to achieve a 6-mm amplitude of roughness [13]. 
However, the interfaces of cold joints were not prop-
erly roughened in real construction, which leads to 

Fig. 6 Underestimation of demands and overestimation of capacity of nodal regions in bridge design [13]: a interface shear force demands in the 
original design and FHWA investigation; and b demand to capacity ratios for nodal regions

Fig. 7 Cold joints at each end of the truss members caused by concrete casting: a positions of cold joints [12]; and b internal force analysis at the 
11–12 nodal position
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reduced shear resistance at the interfaces of cold joints, 
as shown in Fig. 7b.

Cracks
The first crack appeared at the nodal region 11–12 
when the falsework was removed [11]. Subsequent 
cracks were produced during transport of the bridge. 
After the bridge superstructure was supported by the 
piers, member 11 was de-tensioned according to the 
construction plan [45]. When member 11 was de-ten-
sioned, more cracks were generated in nodal region 
11–12. Figure 8 shows the development of cracks in the 
deck and the diaphragm of the bridge after de-tension-
ing of the tendons in member 11 was completed.

Re‑tensioning
After severe cracks were observed from the deck and the 
diaphragm, tendons in member 11 were re-tensioned. 
The re-tensioning operation was performed to close the 
observed cracks, which however increased the shear 
forces across the interface of cold joints. The increase 
of shear forces caused failure in the cold joint, which 
subsequently resulted in the bridge collapse [13]. More 
details of the collapse process are available in references 
[11–13, 17–20].

Finite element model
Figure  9a shows the finite element model established 
using software ABAQUS [50]. When the bridge col-
lapsed during construction, only the main span was 
constructed. In this study, only the main span of the 
bridge was considered in the finite element model. 
Concrete was modeled using three-dimensional eight-
node solid elements with reduced integration (C3D8R). 
Steel bars and prestressed tendons were modeled using 

three-dimensional two-node truss elements (T3D2). A 
mesh size convergence study was performed to deter-
mine the appropriate mesh size. The global mesh size 
was 120 mm, and the mesh size was refined to 60 mm 
at joints.

The mechanical properties of concrete, steel bars, 
prestressing tendons, and steel rods adopted in the 
finite element model were consistent with the realistic 
bridge [45]. The tensile strength and the compressive 
strength of the concrete were 2.88 MPa and 58.5 MPa 
[51], respectively. The elastic modulus and Poisson’s 
ratio were 30.8 GPa and 0.2 [51], respectively. The den-
sity was 2650 kg/m3 [51]. In simulation of post-cracking 
behavior of concrete, inelastic concrete properties were 
applied using the concrete damage plasticity (CDP) 
model [52, 53]. The parameters used in the CDP model 
are listed as follows according to reference [52]: dilata-
tion angle = 30°; eccentricity = 0.1;  fb0/fc0 = 1.16; K = 
0.6667; and viscosity parameter = 0.0005. The dilatation 
angle and the eccentricity parameter reflect the plastic 
straining response of the concrete. Parameters  fb0/fc0 
and K determine the shape and the size of the bi-linear 
yield surface of the concrete.

Material properties of UHPC and SHCC were deter-
mined from test data in references [46–49], as shown in 
Fig. 9b to d. The adopted constitutive relationships are 
conservative compared with the test data. The proper-
ties of SHCC and UHPC used in the CDP model are 
shown in Table  1. Regarding the compressive proper-
ties, this research adopted the same CDP models, and 
the stress magnitudes were tailored using the compres-
sive strengths of the concrete, SHCC, and UHPC.

Damage initiation criterion and element deletion 
were defined to reflect tensile damage. For the conven-
tional concrete, the definition of DAMAGET is elabo-
rated in references [52, 53]. For SHCC and UHPC, 
DAMAGET is defined as shown in Eq. (9):

Fig. 8 Development of cracks in the deck and the diaphragm after de-tensioning of member 11: a the crack pattern at nodal region 11–12 [13]; 
and b the evolution of cracks and the failure mechanism of nodal region 11–12 [12, 13]
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where ε is the tensile strain; εe is the elastic strain; εtf is 
the final tensile strain; and thus, the value of DAMAGET 
is between 0 to 1. DAMAGET is utilized to correlate with 
vulnerability value (V) in this study using Eq. (10):

(9)DAMAGET = (ε − εe)/
(

εtf − εe
)

Investigated cases
Table  2 lists 22 cases investigated in this study. Case 
1 represents the real bridge concrete and is used as the 
control. There are 11 cases for SHCC, and 10 cases for 
UHPC. In this study, the investigated material proper-
ties were the first crack stress (σt0), the ultimate tensile 
strength (σtu), and the ultimate tensile strain (εtu).

Equation (11) was developed to relate the first crack 
stress to the compressive strength of HPFRCC according 
to ACI 318 [54, 55]:

where σc is to compressive strength of HPFRCC (unit in 
MPa); λ is a constant related to the length of fibers and is 
calculated by Eq. (12a, b, c):

(10)V =







1, 0 < DAMAGET ≤ 0.25
2, 0.25 < DAMAGET ≤ 0.6
3, 0.6 < DAMAGET ≤ 1.0

(11)σt0 = 0.62× �× σc
0.5

Fig. 9 Finite element model of the bridge: a meshed model; b tensile properties of SHCC [46]; c tensile properties of UHPC [47]; and d compressive 
properties of UHPC [48, 49]

Table 1 Material properties for SHCC and UHPC [42, 48]

Materials properties SHCC UHPC

Density (kg/m3) 1800-2100 2400-2600

Elastic modulus (GPa) 15–23 42–55

Poisson’s ratio 0.2 0.18

Dilation angle 20° 15°

Eccentricity 0.1 0.1

fb0/fc0 1.16 1.16

K 0.6667 0.6667

Viscosity parameter 0.0005 0.0005
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where λmin and λave are the minimum value and the aver-
age value for λ based on data points; and lf refers to fiber 
length for HPFRCC.

The ranges of the first crack stresses of SHCC and 
UHPC were determined using Eqs. (11) and (12a, b, 
c). The first crack strains of SHCC and UHPC mix-
tures are typically less than 0.1% [56, 57]. Regarding 
SHCC, the investigated first crack stresses were 2 MPa, 
3 MPa, 4 MPa, 5 MPa, and 6 MPa; the tensile strengths 
were 6 MPa, 8 MPa, 10 MPa, and 12 MPa; and the ten-
sile strain capacity values were 4%, 6%, 8%, and 10%. 

(12a)�min ≤ � < �ave

(12b)

𝜆min =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1.0 , for concrete without fiber

0.75 , for HPFRCC with fiber length
�

lf
�

< 10 mm

0.02lf + 0.1 ≤ 1.3, for HPFRCC with fiber length
�

lf
�

≥ 10 mm

(12c)𝜆ave =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1.0 , for concrete without fiber

1.0 , for HPFRCC with fiber length
�

lf
�

< 10 mm

0.02lf + 0.4, for HPFRCC with fiber length
�

lf
�

≥ 10 mm

Regarding UHPC, the investigated first crack stresses 
were 8 MPa, 10 MPa, 12 MPa, and 14 MPa; the tensile 
strengths were 10 MPa, 12 MPa, 14 MPa, and 16 MPa; 
and the tensile strain capacity values were 0.3%, 0.5%, 
0.7%, and 1.0%. Many experimental data showed that 
UHPC achieved an ultimate tensile strain capacity of 
0.3% to 0.5% [58–60]. Some researchers used the ulti-
mate strain capacity of 1% [47, 48], which is possible to 
achieve but has not been supported by many experi-
mental data. Therefore, the parametric study on the 
tensile strength of UHPC is based on the strain capac-
ity of 0.3%.

According to previous research [38], the first crack strain, 
first crack stress, ultimate tensile strain, and ultimate ten-
sile stress of UHPC are also related to compressive strength 
and flexural strength, as shown in Eq. (13a, b, c, d):

(13a)σfl = 1100× ρ ×

(

1−
RF

2.3

)

(13b)Euc = 244.14 × σc
0.5

Table 2 Investigated cases

Case Material Compressive strength σc 
(MPa)

First crack stress σt0 
(MPa)

Ultimate tensile strength σtu 
(MPa)

Ultimate 
tensile strain 
εtu (%)

1 Concrete 58.5 – 2.88 0.1

2 SHCC 58.5 2 8 4.0

3 SHCC 58.5 3 8 4.0

4 SHCC 58.5 4 8 4.0

5 SHCC 58.5 5 8 4.0

6 SHCC 58.5 6 8 4.0

7 SHCC 58.5 4 6 4.0

8 SHCC 58.5 4 10 4.0

9 SHCC 58.5 4 12 4.0

10 SHCC 58.5 4 8 6.0

11 SHCC 58.5 4 8 8.0

12 SHCC 58.5 4 8 10.0

13 UHPC 190 8 14 0.3

14 UHPC 190 10 14 0.3

15 UHPC 190 12 14 0.3

16 UHPC 190 14 14 0.3

17 UHPC 190 10 10 0.3

18 UHPC 190 10 12 0.3

19 UHPC 190 10 16 0.3

20 UHPC 190 10 10 0.5

21 UHPC 190 10 10 0.7

22 UHPC 190 10 10 1.0
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where σc and σfl refer to the compressive strength (unit: 
MPa) and the flexural strength (unit: MPa) of UHPC, 
respectively; ρ refers to the fiber content; RF refers to the 
ratio of recycled steel fibers to total fiber content; Euc 
refers to the hardening modulus of UHPC.

(13c)σtu = 0.35× σfl

(13d)εtu =
σtu

Euc

Results and discussions
Validation of finite element model
Figure 10a shows the maximum principal stress in mem-
ber 11 before the re-tensioning of the as-built bridge 
made using the conventional concrete. The maximum 
principal tensile stress near the anchor is larger than 
2.88 MPa. This is consistent with the cracks observed 
from the bridge before the re-tensioning operation. 
After the re-tensioning, the maximum principal stresses 
around the joints are further increased, revealing that the 

Fig. 10 Analysis results of member 11: a contour of the maximum principal stress before the re-tensioning of member 11 (unit: MPa); b contour of 
DAMAGET before the re-tensioning of member 11; c failure mode of the bridge after the re-tensioning of member 11; and d tensile damage of the 
diaphragm after re-tensioning of member 11
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re-tensioning tends to generate cracking in the concrete. 
Figure  10b shows that DAMAGET around the anchor-
age area reaches 1.0, indicating that the concrete around 
the anchorage area loses tensile load-carrying capacity. 
The finite element analysis results are compared with the 
observation of cracks from the real bridge [12]. It is found 
that the finite element analysis results are consistent with 
the observation from Fig. 10c and d. Therefore, the finite 
element model is used to predict the internal stresses in 
the bridge. The above analysis indicates that the failure 
of the bridge is closely related to the tensile damage in 
member 11 and its nodal regions. Therefore, the follow-
ing analysis mainly focuses on member 11 and its nodal 
regions at the two ends of the member.

Bridge resilience
The approach in Section  2.4 was used to determine 
the values of hazard (H), vulnerability (V), uncer-
tainty (UF), importance (I), and recovery time for post-
extreme event restoration (Trec). The bridge was located 
in a 100-year flood plain (H = 3) with high hurricane 
risk (H = 3) and was located within 80 km of the coast 
(H = 3). The bridge spanned over a busy city street 
with an annual average daily traffic (ADTT) of 48,500 
(H = 3) based on 2017–2018 data, and the bridge car-
ried no history of overload trucks (H = 1). Seismicity of 
the region is seismic design category A (H = 1), with no 
record of significant earthquake (H = 1). The DAMA-
GET of the bridge reached 1 (V = 3). UF is assumed 
to be 1.2 because only visual inspection information 
was used. The bridge was not located on the Strategic 
Highway Network (STRAHNET), and it is a pedestrian 
bridge with no ADTT. Therefore, the importance factor 
of the bridge (I) is 1. Robustness of the bridge is calcu-
lated as:

(14)
PR = 100%−max (9.259×H × V ×UF )× I = 0%

The bridge collapsed on March 15, 2018, and the road 
was closed until March 24, 2018, when the debris was 
cleaned. The severity of the hazard was moderate for 
an isolated hazard, and the basic extreme event time 
(Tres) was 2 weeks. It is assumed that the agency did not 
meet extreme event management practices (α1 = 1.0). 
Also, there was no history of extreme events in the year 
before 2018 (α2 = 1.0). The bridge type was single span 
(αb = 1.0). Therefore, the recovery time for the bridge is 
calculated as:

Based on the robustness and recovery time, the resil-
ience of the bridge is calculated as:

According to the proposed resilience classification 
(see Table S7), this bridge is classified in the low-resil-
ience category, which is aligned with the identified level 
of damage (complete failure) and is validated against 
the damage source for the bridge collapse: Lack of 
redundancy.

Parametric study results
Figure 11a to c compare the tensile damage distributions 
in member 11 made using conventional concrete, SHCC, 
and UHPC, respectively, when the member was re-ten-
sioned. When the conventional concrete is used, the two 
joints of member 11 are severely damaged, as indicated 
by the results of DAMAGET reaching 1.0 in Fig.  11a. 
Major cracks were caused and developed beyond the 
anchorage zone of the tendons in the deck. When the 
SHCC is used, the severity of damage at the two joints 
of member 11 is highly alleviated as shown in Fig.  11b. 

(15)Trec = Tres × α1 × α2 × αb = 14 days

(16)

R =

∫ T0+Trec

T0
P(t)dt

∫ T0+Trec

T0
P(100%)dt

=
0.5× 14 × 100

14 × 100
= 50%

Fig. 11 Contours of tensile damage distributions of member 11 made using different materials: a conventional concrete; b SHCC (σt0 = 4 MPa; εtu 
= 4%; σtu = 8 MPa); and c UHPC (σt0 = 10 MPa; εtu = 0.3%; σtu = 14 MPa)
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Member 11 is expected to exhibit densely-distributed 
microcracks under tension. Therefore, damage toler-
ant behavior of SHCC makes it just slightly damaged at 
joints under the same load condition. When the UHPC 
is used, there is minor damage in member 11, as shown 
in Fig.  11c. The different damage conditions are associ-
ated with the different mechanical properties, in particu-
lar, the tensile strength and strain capacity of the different 
materials.

The results indicate that using HPFRCC in critical 
joints or members decreases the level of tensile damage. 
It is envisioned that the resilience value and category of 
the investigated bridge will be significantly improved 
with proper mechanical properties of HPFRCC, as elabo-
rated in parametric studies in Section 4.3.

Effect of first crack stress
Figure 12 shows the results of effect of first crack stress 
on the maximum tensile damage and resilience. Fig-
ure  12a shows that as the first crack stress of SHCC 
increases, the maximum tensile damage (DAMAGET) 
decreases, and the resilience value increases. If the SHCC 
has an ultimate tensile strain of 4% and an ultimate ten-
sile strength of 8 MPa, which are conservative accord-
ing to the published papers [61–63], as the first crack 
stress increases from 2 MPa to 6 MPa, the tensile damage 
decreases from 0.82 to 0.30, and the resilience increases 
from 50% to 67%.

Figure  12b shows that with the increase of first crack 
stress of UHPC, the maximum tensile damage decreases, 
and the resilience value increases. If the UHPC has an 
ultimate tensile strain of 0.3% and an ultimate tensile 
strength of 14 MPa, which is conservative according to 
the published papers [58–60, 64], when the first crack 
stress is increased from 8 MPa to 14 MPa, the tensile 
damage is reduced from 0.38 to 0.05, which is smaller 
than 0.30 for the SHCC shown in Fig.  12a, and UHPC 
with a DAMAGET of 0.05 behaves like uncracked UHPC 

in terms of the load-carrying capability and long-term 
durability [65]; the resilience value is increased from 67% 
to 83%, and resilience class of UHPC at R = 83% is high.

Effect of ultimate tensile strength
Figure 13 shows the effect of the ultimate tensile strength 
on the maximum tensile damage and resilience. In 
Fig.  13a, the SHCC has a first crack stress of 4 MPa 
and ultimate tensile strain of 4%, which is conservative 
according to the published papers [61–63]. As the ulti-
mate tensile strength of SHCC increases from 6 MPa to 
12 MPa, the maximum tensile damage decreases from 1 
to 0.027, and the resilience increases from 50% to 83%. 
For cracked SHCC with DAMAGET equal to 0.027, it 
behaves like uncracked SHCC in terms of the load-carry-
ing capability and long-term durability according to ref-
erence [65].

In Fig. 13b, the UHPC has a first crack stress of 10 MPa 
and an ultimate tensile strain of 0.3%, which is conserva-
tive according to the published papers [58–60, 64]. As 
the ultimate tensile strength increases from 10 MPa to 
16 MPa, the maximum tensile damage decreases from 
0.57 to 0.18, and the resilience increases from 67% to 
83%. The DAMAGET is higher than 0.027 of the SHCC 
in Fig.  13a because DAMAGET is defined based on the 
tensile strain, and the UHPC has a lower tensile strain 
capacity than the SHCC as shown in Fig. 9.

Effect of ultimate tensile strain
Figure 14 shows the effect of the ultimate tensile strain 
on the maximum tensile damage and resilience. In 
Fig. 14a, the SHCC has a first crack stress of 4 MPa and 
an ultimate tensile strength of 8 MPa, which is con-
servative according to the published papers [61–63]. 
As the ultimate tensile strain increases from 4% to 
10%, the maximum tensile damage decreases from 0.59 
to 0.23, and the resilience increases from 67% to 83%. 
In Fig. 14b, the UHPC has a first crack stress of 10 MPa 

Fig. 12 The effect of the first crack stress on the maximum tensile damage and resilience: a SHCC (εtu = 4% and σtu = 8 MPa); and b UHPC (εtu = 
0.3% and σtu = 14 MPa)
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and an ultimate tensile strength of 10 MPa, which is 
conservative according to the published papers [58–
60, 64]. As the ultimate tensile strain increases from 
0.3% to 1%, the maximum tensile damage decreases 
from 0.57 to 0.15, and the resilience increases from 
67% to 83%.

Summary
The results indicate that the use of UHPC and SHCC is 
able to decrease the tensile damage at the critical loca-
tions of the bridge. Since the tensile damage is the main 
cause of the collapse of the bridge, the resilience of the 
bridge is enhanced. Table  3 summarized the resilience 
results based on the parametric study. The high resil-
ience suggests that the use of UHPC or SHCC will likely 
avoid the collapse. The parametric study reveals the ben-
efits of increasing the tensile strength and ductility of the 
ductile materials and provides data to guide the design 
of the materials and the structures made using the duc-
tile materials.

Optimization results
A number of candidate solutions are selected based on 
the results presented in Section 4.3, as listed in Table 4. 
High resilience is achieved by using mixtures with com-
pressive strengths higher than 58.5 MPa, first crack 
stresses higher than 4 MPa, ultimate tensile strengths 
higher than 8 MPa, and ultimate tensile strains more than 
4%. The sustainability index of each mixture is reported 
in Table  4. The results indicate that mixture S1 is the 
most cost-effective and eco-friendly mixture with a sus-
tainability index of 0.89.

Conclusions
This research presents a framework for simultaneous 
enhancement of the resilience and the sustainability of 
bridges using HPFRCC through optimizing the mix-
ture. The research framework is demonstrated by using 
UHPC and SHCC based on a collapsed bridge. The 
collapse process and mechanisms are discussed. The 
performance of the bridge using SHCC and UHPC is 

Fig. 13 The effect of the ultimate tensile strength on the maximum tensile damage and resilience: a SHCC (σt0 = 4 MPa and εtu = 4%); and b UHPC 
(σt0 = 10 MPa and εtu = 0.3%)

Fig. 14 The effect of tensile strain capacity on the maximum tensile damage and resilience: a SHCC (σt0 = 4 MPa and σtu = 8 MPa); b UHPC (σt0 = 
10 MPa and σtu = 10 MPa)
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tested, and a parametric study is conducted to under-
stand the effect of tensile behaviors of SHCC and UHPC 
on the mechanical response and resilience of the bridge. 
Results show that HPFRCC mixtures can be engineered 
to minimize the material cost and carbon footprint 
while retaining high resilience. Based on the investiga-
tions, the following conclusions are drawn.

• The presented framework is able to simultane-
ously optimize the mechanical properties, material 
costs, and carbon footprint of HPFRCC for bridge 
resilience and sustainability. The optimization of 
mixture design of HPFRCC enables the bridge to 
achieve the minimal material cost and carbon foot-
print while remaining high resilience.

• The proposed material pathway is promising to 
alleviating damage in bridges and enhance the col-
lapse resistance under extreme loading conditions. 
With the use of the UHPC and SHCC, tensile dam-
age was reduced from “significant” to “minor”.

• The tensile properties of UHPC and SHCC have 
large effects on the damage condition. The damage 

index decreases with the increase of the first crack 
stress, tensile strength, tensile strain capacity, and 
ultimate strain capacity. The parametric study pro-
vides useful data to guide the design of HPFRCC 
for bridge applications.

• The investigated bridge collapse was associated 
with concrete cracks. For bridge collapse controlled 
by tensile damage, the use of ductile materials is 
capable of greatly improving safety and resilience. 
Adoption of ductile materials allows bridge engi-
neers to design bridges with thin elements while 
retaining the load-carrying capacity.

Based on this research, the following opportunities 
are identified for future research:

• This study tests the feasibility of the proposed 
framework to improve bridge resilience and sustain-
ability through optimizing structural materials. The 
effect of HPFRCC on the life-cycle cost and long-
term durability remains unknown. Further research 
is necessary to uncover the effect and reduce the 

Table 3 Summarization of resilience results in parametric study

Case Material Compressive 
strength (MPa)

First crack 
stress (MPa)

Ultimate tensile 
strength
(MPa)

Ultimate tensile 
strain (%)

Resilience (%) Resilience class

1 Concrete 58.5 – 2.88 0.1 50 Low

2 SHCC 58.5 2 8 4.0 50 Low

3 SHCC 58.5 3 8 4.0 50 Low

4 SHCC 58.5 4 8 4.0 67 Moderate

5 SHCC 58.5 5 8 4.0 67 Moderate

6 SHCC 58.5 6 8 4.0 67 Moderate

7 SHCC 58.5 4 6 4.0 50 Low

8 SHCC 58.5 4 10 4.0 83 High

9 SHCC 58.5 4 12 4.0 83 High

10 SHCC 58.5 4 8 6.0 67 Moderate

11 SHCC 58.5 4 8 8.0 67 Moderate

12 SHCC 58.5 4 8 10.0 83 High

13 UHPC 190 8 14 0.3 67 Moderate

14 UHPC 190 10 14 0.3 67 Moderate

15 UHPC 190 12 14 0.3 83 High

16 UHPC 190 14 14 0.3 83 High

17 UHPC 190 10 10 0.3 67 Moderate

18 UHPC 190 10 12 0.3 67 Moderate

19 UHPC 190 10 16 0.3 83 High

20 UHPC 190 10 10 0.5 67 Moderate

21 UHPC 190 10 10 0.7 83 High

22 UHPC 190 10 10 1.0 83 High
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life-cycle cost and improve durability. Self-healing 
properties should be considered.

• This study focuses on the construction stages until 
the bridge collapsed. Although the use of HPFRCC 
is promising to avoid bridge collapse, it is unclear 
whether collapse will occur at a later stage. The whole 
lifecycle needs to be considered in future research to 
gain a holistic understanding of the safety and resil-
iency of bridges.
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Table 4 Optimal design of HPFRCC mixtures

a PE stands for polyethylene fiber; bPP stands for polypropylene fiber

Mix design S1 S2 S3 S4 S5 S6 S7 S8 S9

Design variables

Cement-to-binder ratio 14.4 25.0 25.0 11.8 16.1 16.1 11.8 24.9 25.0

Fly ash-to-binder ratio 27.1 28.4 28.4 20.5 30.8 30.8 27.2 27.0 28.4

Slag-to-binder ratio 7.2 7.2 7.3 7.5 6.8 6.8 6.6 7.4 7.1

Rice husk-to-binder ratio 5.2 9.5 9.4 6.0 17.2 17.2 5.4 16.9 9.3

Limestone-to-binder ratio 40.4 7.2 7.2 43.1 9.0 9.0 43.1 1.6 7.2

Metakaolin-to-binder ratio 4.7 4.9 4.9 9.4 12.5 12.5 3.8 5.1 4.9

Silica fume-to-binder ratio 1.0 17.0 16.8 0.3 6.7 6.7 0.5 16.3 16.8

Sand-to-binder ratio 0.8 0.7 0.8 1.3 0.6 0.6 1.4 0.4 1.4

Water-to-binder ratio 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.1

Superplasticizer content (%) 2.0 1.9 1.3 2.0 2.6 2.6 1.8 1.9 1.4

Fiber volume (%) 2.7 2.7 2.8 1.7 2.7 2.7 2.6 2.7 2.7

Fiber length (mm) 18 12 11 27 12 12 27 12 27

Fiber diameter (μm) 24 17 17 40 16 16 40 17 40

Elastic modulus of fibers (GPa) 100 6 6 200 6 6 200 6 200

Fiber type PEa PPb PP Steel PP PP Steel PP Steel

Output variables

Compressive strength (MPa) 59.1 62.5 67.3 93.1 103.3 103.2 70.9 114.1 102.6

First crack stress (MPa) 4.8 4.9 5.1 5.6 5.7 5.7 4.9 5.0 5.3

Ultimate tensile strength (MPa) 16.6 14.0 17.2 9.4 10.0 10.0 14.1 11.6 13.2

Ultimate tensile strain (%) 6.0 7.1 4.2 8.5 10.0 10.0 6.1 4.2 8.0

Carbon footprint (kg/m3) 745 1142 1207 895 1943 1990 1010 2249 1485

Cost (USD/m3) 633 456 458 872 566 579 1143 610 1292

Sustainability index 0.89 0.87 0.84 0.7 0.54 0.51 0.5 0.41 0.25
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