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Introduction 

High-performance fiber-reinforced cementitious composites (HPFRCC) are a class of 

cementitious materials that exhibit pseudo-strain-hardening behavior under tension after first 

cracking (Fig. 1). My thesis focuses on two specific types of HPFRCC: engineered cementitious 

composite (ECC) and ultra-high performance concrete (UHPC). ECC is designed based on 

micromechanics and exhibits high tensile ductility (tensile strains up to 1-3%). UHPC is designed 

based on packing density theory, featuring high mechanical strength (e.g., compressive strengths 

over 150 MPa) and high durability performance (e.g., very low permeability). These unique 

properties make HPFRCCs promising for many structural applications, such as earthquake-

resistant structures and long-span bridges.  

Recent research on steel reinforced HPFRCC (R/HPFRCC) structural members has 

demonstrated a wide range of drift capacities (i.e., from 1.8% to 17.1%) as well as unique modes 

of failure relative to traditional steel reinforced concrete. Namely, R/HPFRCC often fail by 

reinforcement fracture prior to HPFRCC crushing. This failure mode of steel fracture is attributed 

to steel plasticity being restrained within localized cracks over a short, debonded length due to the 

strong bond between the HPFRCC matrix and reinforcement. To date, there have not been any 

design methods proposed to capture the unique failure mechanics and to predict the drift capacity 

of R/HPFRCC. Since structural applications and design standards of R/HPFRCC are emerging 

globally, the understanding and design method of R/HPFRCC must be improved to enhance safety. 

Fig.1 Schematic of the tensile stress-strain relationship of HPFRCC. 
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Through theoretical analysis, experiments, and numerical simulations, my thesis aims to 

develop methods to predict the failure of R/HPFRCC flexural members as well as facilitate 

designing for structural ductility. A total of twenty-five simply-supported beams were tested to 

characterize the failure mechanism of R/HPFRCC. Experimental variables include HPFRCC 

material (ECC or UHPC), fiber volume (0.5% to 2.0% for UHPC), steel type (A615 Grade 60 steel 

or A1035 Grade 100 steel), reinforcing ratio (0.96% to 2.10%), reinforcing scheme (doubly 

reinforced or singly reinforced), and loading type (cyclic or monotonic). Numerical simulations 

were also performed to enhance the understanding of R/HPFRCC failure mechanism. Additionally, 

in order to understand the interaction between steel reinforcement and HPFRCC, twenty-five 

beam-end tests were conducted to characterize the bond-slip behavior of R/HPFRCC. Detailed 

discussions of the experimental and numerical results are presented throughout my thesis, while 

this summary focuses on the main findings and the developed design methods.  

 

R/HPFRCC flexural failure path and prediction method 

Through a literature review and new experiments on R/HPFRCC beams, I characterize the failure 

mechanism of R/HPFRCC and identify two different failure paths in R/HPFRCC flexural members: 

failure after crack localization and failure after gradual strain hardening (Fig. 2a). The key 

difference between these two failure paths is the R/HPFRCC behavior at the tension side. After 

cracking, HPFRCC materials sustain an increasing tensile strength until crack localization occurs 

(Fig. 1). HPFRCC crack localization typically occurs at a strain ranging from 0.1% to 1%, which 

is several times smaller than the steel reinforcement strain capacity, i.e., over 8% for mild steel.  

Fig.2 (a) Schematic of the two R/HPFRCC flexural failure paths, (b) final crack pattern of a R/HPFRCC 
specimen that fails after gradual strain hardening, and (c) final crack pattern of a R/HPFRCC specimen 
that fails after crack localization (crack patterns from Fig. 5.5 in my thesis). Note: ‘×’: reinforcement 

fracture. 
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R/HPFRCC specimens follow different failure paths after crack localization. R/HPFRCC 

specimens lose load capacity and fail after crack localization when the reinforcement strain-

hardening capacity is smaller than the fiber-bridging capacity. Since crack localization occurs at a 

small crack with (typically 0.1-0.4 mm) and thus a small curvature, specimens that fail after crack 

localization show narrow cracks and no compressive damage before load drop. Additionally, 

because the load capacity drops after the crack localizes in the weakest plane, specimens that fail 

after crack localization typically form only one localized crack (Fig. 2c), which restrains the steel 

plasticity around one dominant crack, results in a small R/HPFRCC tensile strain capacity, causes 

early steel fracture, and reduces specimen ductility. In short, specimens that fail after crack 

localization show few failure warnings and have small ductility. 

On the other hand, after crack localization, if the reinforcement strain-hardening capacity 

is high enough that it compensates for the fiber-bridging loss, R/HPFRCC specimens gain 

increased load capacity and fail after gradual strain hardening of longitudinal reinforcement. After 

gradual strain hardening, specimens lose load capacity due to crushing, followed by reinforcement 

fracture. Therefore, specimens that fail after gradual strain hardening typically show wide opening 

cracks and extensive compressive damage before load drop. Since the load capacity increases after 

the crack localizes in the weakest plane, specimens that fail after gradual strain hardening can form 

multiple localized cracks (Figure 2b), which spread the steel plasticity to a longer length, result in 

a large R/HPFRCC tensile strain capacity, delay steel fracture, and increase the specimen ductility. 

In short, specimens that fail after gradual strain hardening show many failure warnings and high 

ductility.   

In Chapter 3, I propose a method for predicting the failure path based on the ratio between 

the steel strain-hardening capacity and the fiber-bridging capacity. This ratio, ω, is defined as: 

ω =   (𝑓𝑓𝑠𝑠𝑠𝑠−  𝑓𝑓𝑠𝑠𝑠𝑠)∙𝐴𝐴𝑠𝑠
𝛼𝛼∙𝐴𝐴𝑐𝑐∙𝑓𝑓𝑡𝑡

=   (𝑓𝑓𝑠𝑠𝑠𝑠−  𝑓𝑓𝑠𝑠𝑠𝑠)∙𝐴𝐴𝑠𝑠
𝛼𝛼∙𝑏𝑏∙ℎ∙𝑓𝑓𝑡𝑡

∙ 𝑑𝑑
𝑑𝑑

=   𝑓𝑓𝑠𝑠𝑠𝑠−  𝑓𝑓𝑠𝑠𝑠𝑠
𝛼𝛼∙𝑓𝑓𝑡𝑡

∙ 𝑑𝑑
ℎ
∙ 𝜌𝜌     (1) 

where  𝑓𝑓𝑠𝑠𝑠𝑠 and  𝑓𝑓𝑠𝑠𝑠𝑠 are the ultimate strength and yield strength of the reinforcing steel; 𝐴𝐴𝑠𝑠 is the 

reinforcing steel area;  𝛼𝛼 = 0.54  is an empirical factor representing the portion of the cross-

sectional area that has fiber-bridging; 𝐴𝐴𝑐𝑐 = 𝑏𝑏 ∙ ℎ is the cross-sectional area of the beam; 𝑓𝑓𝑡𝑡 is the 

HPFRCC tensile strength; and 𝜌𝜌 = 𝐴𝐴𝑠𝑠/(𝑏𝑏 ∙ 𝑑𝑑), which is the reinforcing ratio; b, h, and d represent 

beam width, beam height, and effective depth. In Equation 1,  (𝑓𝑓𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑠𝑠𝑠𝑠) ∙ 𝐴𝐴𝑠𝑠 represents the steel 
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post-yield hardening capacity, and 𝛼𝛼 ∙ 𝐴𝐴𝑐𝑐 ∙ 𝑓𝑓𝑡𝑡 represents the fiber-bridging capacity prior to crack 

localization.  

Fig. 3 compares the experimentally-observed drift capacity to ω and differentiates the 

different failure paths. When ω ≤ 1, specimens mostly fail after crack localization (i.e., load 

reduces due to fiber-bridging capacity loss) because the steel hardening capacity is weaker than 

the fiber-bridging capacity; when ω ≥ 1, specimens mostly fail after gradual strain hardening 

because the steel hardening capacity is stronger than the fiber-bridging capacity. Additionally, ω 

exhibits a positive correlation with drift capacity because a larger ω reduces the load-reduction 

rate after crack localization or changes the failure path to failure after gradual strain hardening.  

To avoid abrupt failure after crack localization, a minimum reinforcing ratio is proposed 

by rearranging Equation 1 and setting a low limit to ω: 

𝜌𝜌𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 𝛼𝛼∙𝑓𝑓𝑡𝑡
  𝑓𝑓𝑠𝑠𝑠𝑠−  𝑓𝑓𝑠𝑠𝑠𝑠

∙ ℎ
𝑑𝑑
∙ ω𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 0.16∙𝑓𝑓𝑡𝑡

  𝑓𝑓𝑠𝑠𝑠𝑠−  𝑓𝑓𝑠𝑠𝑠𝑠
∙ ℎ
𝑑𝑑
         (2) 

It is suggested that ω𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡=0.3 would achieve a minimum desired drift capacity of 2.5%, which is 

validated by the experiments in Fig. 3 and thirty-two additional numerical simulations in Chapter 

5, where there are no failures before 2.5% drift when ω is greater than 0.3. Equation 2 is analogous 

to the minimum reinforcing ratio for traditional concrete defined by ACI 318-14: 

𝜌𝜌𝑠𝑠,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 0.249∙�𝑓𝑓𝑐𝑐′
  𝑓𝑓𝑠𝑠𝑠𝑠

       (3) 

where 𝑓𝑓𝑐𝑐′ is concrete compressive strength (MPa), and other parameters are defined in Equation 1. 

Both equations are essentially ratios of force in the concrete (or HPFRCC) to the force in the 

reinforcing steel. The ACI equation limits the ratio between the tensile force in the concrete and 

the tensile force in the steel reinforcement at yield so as to avoid yielding (and subsequent failure) 

immediately after cracking. In a similar way, Equation 2 limits the ratio between the tensile force 

carried by the HPFRCC and the remaining reinforcing steel strength at crack localization to avoid 

abrupt failure immediately after crack localization occurs.  

Fig.3 R/HPFRCC drift capacity versus ω ratio.  
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R/HPFRCC flexural strength prediction method 

A method for predicting R/HPFRCC flexural strength is proposed based on the predicted failure 

path and corresponding failure mechanism (Fig. 4, details in section 3.5.1). The following 

assumptions are adopted for strength predictions: 

1. Plane sections remain plane; 

2. Strain compatibility exists between HPFRCC and reinforcing steel; 

3. Force equilibrium is maintained; 

4. At peak load, composite tensile strength is neglected for failure after gradual strain 

hardening; 

5. At peak load, composite tensile strength is included for failure after crack localization. 

Fig. 4 shows the strain and stress distribution for determining the flexural strength of 

R/HPFRCC specimens according to the two failure paths. For specimens that fail after gradual 

strain hardening, the maximum flexural strength is reached when the maximum compressive strain 

reaches the ultimate strain 𝜀𝜀𝑐𝑐𝑠𝑠. For specimens that fail after gradual strain hardening, the composite 

tensile strength was neglected because the localized crack has fully opened and nearly-no fiber-

bridging was maintained at peak load. The strain hardening of steel is considered for specimens 

failing after gradual strain hardening. For specimens that fail after crack localization, the maximum 

flexural strength is reached when the localization strain of composite was reached at the tension-

reinforcing steel level (i.e., 𝜀𝜀𝑙𝑙𝑙𝑙𝑐𝑐 = 𝜀𝜀𝑠𝑠). At peak load, the steel yielding strength is adopted and 

composite tensile strength is assumed to bridge the entire tension zone. This R/HPFRCC strength 

prediction method was initially assessed on thirty-seven tests collected from literature with a mean 

absolute prediction error less than 13% (Chapter 3) and later validated on twenty-two new 

experiments conducted in my thesis with a mean absolute error less than 5% (Chapters 4-6).  

Fig.4 Stress and strain distribution for predicting the flexural strength based on two failure paths. 
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Impact of reinforcing ratio, cyclic loading, and reducing UHPC fiber volume 

To understand the failure mechanism of R/HPFRCC, UHPC and ECC beams with different 

reinforcing ratios and loadings are studied. Results show that a higher reinforcing ratio increases 

the steel hardening capacity (i.e., larger ω), leading to higher drift capacity and possibilities of 

failure after gradual strain hardening. Relative to monotonically-loaded specimens, cyclic loading 

reduces R/HPFRCC drift capacity because of the reduced steel strain capacity due to low-cycle 

fatigue. Cyclic loading minimally impacts reinforced ECC load capacity and reduces reinforced 

UHPC load capacity, which is attributed to different cyclic effects on fiber-bridging with different 

types of fibers (PVA fibers for ECC and steel fibers for UHPC).  

Current UHPC materials typically contain 2% by volume of steel fibers, which constitute 

30-40% of the UHPC material costs. To explore the possibility of reducing the cost of UHPC 

materials in structural applications by reducing the fiber volume fraction, the relationship between 

UHPC fiber volume and reinforced UHPC flexural behavior is explored. Experimental results 

show that under both monotonic and cyclic loading, reducing the fiber volume from 2% to 1% 

maintains or increases the specimen ductility because it lowers UHPC tensile strength (i.e., larger 

ω), leading to a greater number of localized cracks and thus delaying steel reinforcement fracture. 

Reducing the fiber volume exhibits unnoticeable impacts on reinforced UHPC crushing behavior. 

Reinforced UHPC beams with both 2% and 1% fiber volume show code-compliant crack widths 

under anticipated service-level loads.  

 

R/HPFRCC gradual crushing phenomenon and modeling  

Because fiber-bridging arrests matrix spalling, R/HPFRCC beams exhibit high spalling resistance 

and gradual load-reduction after crushing, which occurs at strains as large as 3.0% and 0.9% for 

ECC and UHPC, respectively. This gradual crushing phenomenon is different from the brittle 

crushing often observed in conventional concrete. Therefore, a new HPFRCC compression model 

is developed to aid R/HPFRCC structural component simulations. After reaching the peak 

compressive strength, this HPFRCC compression model considers the gradual crushing 

phenomenon using a linear softening branch (Fig. 5a, details in section 7.4.2), while a classic 

concrete compression model adopts a parabolic softening branch to simulate the brittle crushing 

phenomenon. This model is implemented in a two-dimensional nonlinear finite element scheme 
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and found to better predict the gradual compression softening phenomenon than a concrete 

parabolic model (Fig. 5b, detailed discussions in section 7.4.5.2). 

 

R/HPFRCC bond-slip behavior and modeling  

To complement recently-reported literature on bond in reinforced ECC flexural components and 

investigate the impact of fiber distribution and cyclic loading on bond, the bond-slip behavior of 

steel reinforced UHPC is studied using beam-end specimens. Results reveal that reinforced UHPC 

exhibits a high bond strength ranging from 27 MPa to 45 MPa when compared to reinforced 

concrete bond strength (typically 5 MPa to 7 MPa). The bond strength is affected by the fiber-

bridging capacity across the splitting crack plane, which depends on the fiber volume and flow 

direction during casting of the UHPC. This high bond strength restrains steel plasticity around a 

short, debonded length around the localized crack, leading to early steel fracture when an 

R/HPFRCC specimen fails after crack localization and forms only one localized crack (Fig. 2). 

The determined bond-slip response is incorporated into nonlinear finite element analysis, 

facilitating the prediction of R/HPFRCC reinforcement fracture point (Fig. 5b).  

While many studies have proposed R/HPFRCC for seismic applications, an HPFRCC 

cyclic bond-slip model is absent and needed for understanding and simulating R/HPFRCC cyclic 

behavior, a gap that my thesis fills based on beam-end tests and model development. Test results 

show that when compared to monotonic bond performance, cyclic loading does not affect the pre-

peak bond behavior or maximum bond strength but does accelerate the post-peak bond degradation 

in both UHPC and ECC (Figs. 6b-c). Based on R/HPFRCC test results and the widely-adopted 

concrete bond-slip model proposed by Dr. Eligehausen, a generalized cyclic bond-slip model is 

Fig.5 (a) Proposed HPFRCC compression model and (b) comparison between the load-displacement 
responses from a UHPC beam test, simulation with the proposed model, and simulation with a concrete 

parabolic model. Note: ‘×’: reinforcement fracture. 
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developed to capture cyclic bond-slip behavior, especially the cyclic bond degradation, in 

R/HPFRCC using an energy-based approach (Fig. 6a, details in section 8.5.2). This cyclic bond-

slip model is validated on test results from both UHPC and ECC specimens (Figs. 6b-c).  

Technical level, importance, and innovative quality 

Based on experiments, numerical simulations, and literature review, I characterize the failure 

mechanism of R/HPFRCC, which facilitates the development of new design methods and 

material models. The key contributions are summarized below: 

1. My thesis identifies two flexural failure paths and uncovers the unique interaction between 

HPFRCC and reinforcing steel, which is fundamental for understanding R/HPFRCC 

behavior and developing design methods.  

2. My thesis provides a large experimental database, characterizing the structural behavior and 

bond-slip behavior of R/HFPRCC. Especially, the crushing behavior of R/HPFRCC is 

investigated and reported for the first time, which is important for developing HPFRCC 

compression model and selecting design values for HPFRCC ultimate compressive strain 

(i.e., 𝜀𝜀𝑐𝑐𝑠𝑠). The impact of cyclic loading on reinforced UHPC structural behavior and bond-

Fig.6 (a) schematic of the HPFRCC cyclic bond-slip model and validation on (b) UHPC and (c) ECC test results. 
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slip behavior is also investigated and reported for the first time, which is important for 

designing UHPC structure in earthquake zones.  

3. The developed compression model is essential for simulating R/HPFRCC specimens that fail 

after gradual strain hardening, which involve gradual crushing of HPFRCC and represent a 

more ductile failure path.  

4. The developed cyclic bond-slip model is important for simulating R/HPFRCC cyclic 

responses, which is needed for designing HPFRCC structure in earthquake zones.  

5. The experimental database and developed design methods (failure path prediction method, 

strength prediction method, and minimum reinforcing ratio) will support the development of 

R/HPFRCC design standards and allow designing for the desired drift capacity and failure 

path.  

6. By establishing the relationship between HPFRCC material and structural behavior, this 

work provides guidance on HPFRCC material development and on selecting material 

combinations that lead to needed structural ductility.  

7. By identifying that reducing UHPC fiber volume from the typical 2% to 1% improves 

structural ductility, a 20% reduction of UHPC cost is possible, which will promote UHPC 

application.  

 


