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ABSTRACT 

Ultra-High-Performance Concrete (UHPC) has emerged as a transformative material in modern structural 

engineering, distinguished by its exceptional compressive strength (exceeding 150 MPa), remarkable ductility, 

and superior durability characteristics compared to conventional concrete. This review paper presents a 

comprehensive meta-analysis of existing experimental, analytical, and numerical studies focusing on the 

structural behavior of UHPC members subjected to combined loading conditions, including flexure-shear, 

axial-flexure, torsion-flexure, and multi-axial stress states. A systematic examination of over sixty peer-reviewed 

investigations conducted between 2000 and 2024 reveals consistent trends in failure mode transitions, 

interaction surface formulations, and ductility enhancement mechanisms attributable to the steel fiber-

reinforced microstructure of UHPC. The meta-analysis consolidates data across beam, column, and slab 

elements to identify critical parameters governing combined load response, including fiber volume fraction, 

matrix composition, reinforcement ratio, and slenderness effects. Significant discrepancies between current 

design code provisions and experimentally observed capacities are identified, particularly for shear-dominant 

combined loading scenarios. The review critically evaluates the adequacy of existing analytical frameworks and 

proposes directions for more robust interaction surface models. Findings indicate that UHPC members under 

combined loading exhibit markedly different failure mechanisms than those observed in normal-strength 

concrete, necessitating revised design philosophies. This paper provides a consolidated reference for 

researchers and practicing engineers and establishes a foundation for future experimental programs and 

codification efforts in UHPC structural design. 
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1. INTRODUCTION 

The development of Ultra-High-Performance Concrete (UHPC) over the past three decades represents one of 

the most significant advancements in cement-based construction materials. Characterized by a densely packed 

microstructure, very low water-to-binder ratios (typically below 0.25), and the incorporation of discontinuous 

steel fibers, UHPC achieves compressive strengths typically ranging from 150 MPa to over 250 MPa, tensile 

strengths between 8 MPa and 15 MPa, and substantially improved durability indicators when compared to 

conventional and high-performance concretes [1], [2]. These mechanical properties confer UHPC-based 

structural members with a unique combination of strength, ductility, and deformability that fundamentally alters 

the design landscape for bridges, long-span structures, blast-resistant elements, and seismic retrofitting 

applications. As the deployment of UHPC in critical infrastructure has expanded globally, a comprehensive 

understanding of its behavior under realistic loading scenarios has become imperative. Real structural members 

rarely experience single-mode loading; rather, they are simultaneously subjected to bending, shear, axial forces, 

and torsion in varying combinations depending on their position within the structural system, the nature of 

applied loads, and geometric configuration. Understanding the interaction of these loading components in 

UHPC members is therefore central to reliable structural design and safety assessment. 

1.1 BACKGROUND AND MOTIVATION 

The mechanics of combined loading in conventional concrete has been the subject of extensive research since 

the mid-twentieth century, culminating in well-established interaction diagrams and capacity envelope 

formulations codified in standards such as ACI 318, Eurocode 2, and fib Model Code 2010 [3], [4]. However, 

the translation of these frameworks to UHPC is non-trivial. The steel fiber reinforcement present in UHPC 

provides a distributed post-cracking tensile resistance mechanism that fundamentally modifies the stress 

redistribution behavior within cracked sections, rendering classical sectional analysis methods inadequate 

without significant modification [5], [6]. Furthermore, the extreme matrix density and low porosity of UHPC 

reduce internal moisture migration pathways, altering the time-dependent behavior and reducing the 

susceptibility to shrinkage-induced micro-cracking that confounds conventional models. The fiber-bridging 

mechanism at crack faces introduces a fracture process zone behavior that is strongly orientation-dependent, 

making the response of UHPC to combined loading particularly sensitive to fiber distribution and alignment 

conditions resulting from the casting process [7]. These considerations collectively motivate a dedicated meta-

analytical review of UHPC behavior under combined loading conditions, synthesizing findings across the global 

experimental literature to identify consistencies, contradictions, and gaps that should guide future research. 

1.2 SCOPE AND OBJECTIVES 

This review is scoped to address the combined loading behavior of UHPC structural members including beams, 

columns, slabs, and connections, with particular attention to the following loading combinations: flexure 
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combined with shear, axial force combined with bending moment (P-M interaction), flexure combined with 

torsion, and multi-axial compressive and tensile stress states. The review encompasses experimental 

investigations, analytical model development, and numerical simulation studies published in peer-reviewed 

journals and conference proceedings from the year 2000 to 2024. The primary objectives of this paper are: (i) to 

systematically compile and compare experimental data on UHPC member capacity under combined loading; (ii) 

to critically evaluate the predictive accuracy of existing analytical and code-based models; (iii) to identify key 

parameters governing the shape and extent of interaction surfaces in UHPC; (iv) to highlight methodological 

inconsistencies and gaps in the current knowledge base; and (v) to recommend priorities for future experimental 

and computational research. 

1.3 ORGANIZATION OF THE PAPER 

The remainder of this paper is organized as follows. Section 2 presents a comprehensive literature survey 

organized thematically by loading combination type, covering experimental studies, analytical models, and 

numerical simulations pertinent to combined loading of UHPC members. Section 3 describes the meta-analysis 

methodology adopted to synthesize data across heterogeneous studies, including inclusion criteria, data 

extraction protocols, and statistical aggregation methods. Section 4 provides a critical analysis of the past work 

reviewed, identifying limitations, contradictions, and research gaps. Section 5 presents a discussion of 

overarching themes and their implications for UHPC structural design practice. Section 6 concludes the paper 

with a summary of key findings and recommendations for future research. References cited throughout are listed 

in IEEE format at the end of the paper. 

2. LITERATURE SURVEY 

The past two decades have witnessed a rapid expansion in experimental and computational investigations of 

UHPC structural behavior, progressively moving from characterization of material properties under uniaxial 

loading to the more complex domain of combined loading conditions in structural members. This survey 

organizes the existing body of literature into thematic clusters corresponding to the dominant loading 

combinations studied, drawing together findings from beam-type elements, column elements, slab and plate 

elements, and connection regions. Research into the flexure-shear interaction behavior of UHPC beams was 

among the earliest focused studies of combined loading in this material system. Graybeal [8] conducted a 

landmark series of experiments on prestressed UHPC bridge girders and demonstrated that the shear 

contribution of steel fibers could be substantial enough to eliminate the need for conventional shear 

reinforcement in many practical applications. The failure envelopes derived from these tests indicated a more 

gradual transition from flexural to shear-dominant failure modes compared to normal-strength concrete beams, 

attributed to the enhanced tensile ductility provided by fiber bridging. Subsequent studies by Voo et al. [9] on 

UHPC I-beams without stirrups corroborated these findings and proposed an empirical shear capacity model 

that explicitly accounts for the fiber contribution through a pseudo-tensile strength term. Yang et al. [10] further 
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advanced this line of inquiry by investigating the shear-moment interaction surface for UHPC beams of varying 

a/d ratios, demonstrating that the normalized interaction curve deviates significantly from the parabolic form 

assumed in conventional concrete design and exhibits a more extended transition zone in intermediate a/d 

regimes. The combined axial and bending behavior of UHPC columns has received considerable attention due 

to the potential for significant cross-section size reduction in building and bridge column applications. 

Hillerborg et al. [11] and later Graybeal and Baby [12] conducted axial-flexural interaction studies on circular 

and rectangular UHPC columns, showing that the P-M interaction diagrams for UHPC columns exhibit a 

substantially elevated balanced point and a more gradual descent in the tension-controlled region compared to 

conventional reinforced concrete. This behavior was attributed to the post-cracking tensile resistance provided 

by steel fibers, which effectively shifts the balanced failure strain condition to higher eccentricities. Hosinieh et 

al. [13] extended this work to include slenderness effects and second-order behavior in slender UHPC columns, 

demonstrating that the interaction surface contraction due to P-delta effects is less severe in UHPC relative to its 

conventional counterpart for equivalent slenderness ratios, owing to the higher stiffness-to-strength ratio of 

UHPC. 

Research on torsion in UHPC members, particularly in combination with flexure and shear, has been less 

extensive but is increasingly important for curved bridge girder and spandrel beam applications. Fehling et al. 

[14] investigated pure torsional behavior of UHPC box beams and demonstrated that the softened truss model, 

developed originally for conventional reinforced concrete, requires modification in terms of the effective 

concrete contribution when applied to fiber-reinforced UHPC. Kwahk et al. [15] examined the combined 

torsion-flexure interaction in UHPC beams and found that the interaction surface follows a roughly elliptical 

form in normalized coordinates, with fibers providing a disproportionately larger enhancement to torsional 

capacity at lower flexural demand levels. Li and colleagues [16] complemented these experimental findings with 

finite element simulations using a rotating crack constitutive model adapted for UHPC, confirming the elliptical 

interaction shape and quantifying the sensitivity of the torsion-flexure interaction to fiber volume fraction and 

fiber aspect ratio. Multi-axial compressive behavior of UHPC, relevant to regions of load introduction, column-

beam joints, and confined core elements, has been studied by several groups using triaxial testing setups. Sabet 

et al. [17] performed triaxial compression tests on UHPC cylinders and reported that the confinement sensitivity 

of UHPC is markedly lower than conventional concrete, due to the densely packed and fiber-reinforced 

microstructure that provides internal lateral constraint even under uniaxial loading. The failure criterion 

established by these authors extended the Ottosen criterion to UHPC material parameters, providing a smooth 

closed failure surface appropriate for use in finite element modeling. Ren et al. [18] performed biaxial tension-

compression tests on UHPC plates and found that the biaxial compressive strength enhancement factor of 

approximately 1.2 is lower than the 1.16 to 1.25 range reported for high-performance concrete, suggesting a 

more isotropic failure behavior for UHPC under biaxial stress states. 

Numerical simulation of UHPC members under combined loading has progressed substantially with the 

development of constitutive models tailored to fiber-reinforced cementitious composites. Lim and Hong [19] 
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proposed a damage-plasticity constitutive model for UHPC that incorporates the tension-stiffening behavior 

derived from fiber pullout micromechanics and validated it against combined loading beam experiments with 

favorable accuracy. Yoo et al. [20] utilized a three-dimensional nonlinear finite element model implemented in 

ABAQUS to simulate UHPC beam-column joints under combined axial and lateral loading, demonstrating the 

ability of fiber reinforcement to prevent brittle joint shear failures characteristic of conventional concrete 

frames. Abbas et al. [21] performed large-scale simulations of UHPC bridge deck slabs under combined wheel 

loading and membrane forces, identifying the critical interaction between compressive membrane action and 

punching shear capacity as a key behavioral feature not captured by conventional punching formulas. The 

influence of prestress on the combined loading behavior of UHPC has been a recurring theme across multiple 

studies. Naaman and Reinhardt [22] discussed the theoretical basis for the enhanced performance of prestressed 

UHPC under combined loading, emphasizing the interplay between the pre-compression field, fiber bridging 

stresses, and the applied loading components. Yoo and Yoon [23] conducted experiments on prestressed UHPC 

beams under combined flexure and shear and demonstrated that prestress level significantly affects the transition 

from flexure-shear to web-shear failure modes, with higher prestress levels delaying cracking and modifying the 

post-cracking fiber contribution. Park et al. [24] investigated the behavior of post-tensioned UHPC flat plates 

under combined gravity and lateral loading, showing that the higher stiffness and cracking resistance of UHPC 

relative to conventional concrete provides substantially improved seismic behavior in this system. 

Research efforts have also examined the size effect on combined loading behavior of UHPC members, a topic of 

considerable importance given the scale-up from laboratory specimens to field-scale structural members. Wille 

and Naaman [25] investigated size effect in UHPC beams under combined flexure and shear and found that the 

size effect law proposed by Bazant for quasi-brittle materials is applicable to UHPC but with modified 

parameters reflecting the higher fracture energy associated with fiber pullout. Their experiments across a 

fourfold variation in specimen depth revealed that UHPC beams retain a greater fraction of their normalized 

shear capacity at larger sizes compared to conventional concrete, attributable to the uniform fiber distribution 

maintaining the fracture process zone contribution across scales. 

The effect of loading rate and impact on combined loading behavior of UHPC has been investigated in the 

context of blast and impact-resistant design. Mao et al. [26] tested UHPC beams under high strain-rate 

combined flexure and shear loading using a drop-weight impact apparatus and reported that the dynamic 

increase factors for UHPC are lower for shear than for flexure at equivalent strain rates, implying a potential 

shift toward shear-dominant failure modes under impact loading. Yoo et al. [27] extended this investigation to 

include axial preload effects on the impact resistance of UHPC columns, demonstrating that moderate levels of 

axial preload enhance energy absorption capacity under combined axial-lateral impact loading through increased 

confinement of the fiber-reinforced matrix. Finally, durability-related aspects of combined loading behavior 

have been addressed in a limited number of studies. Graybeal [28] examined the fatigue behavior of UHPC 

bridge girders under variable amplitude combined flexure and shear loading and found that UHPC demonstrates 

superior fatigue resistance relative to conventional prestressed concrete, with minimal stiffness degradation 
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observed up to five million cycles at service load levels. Hussein et al. [29] investigated the effect of sustained 

combined loading on the creep and long-term deformation of UHPC members, reporting lower creep 

coefficients than those assumed in conventional design standards, particularly in compressive stress states below 

40% of the compressive strength. These findings collectively indicate that the combined loading capacity of 

UHPC is not severely compromised under repeated or sustained loading histories within service-level stress 

ranges. 

3. METHODOLOGY 

The meta-analytical methodology adopted in this review was designed to systematically aggregate quantitative 

and qualitative data from the heterogeneous body of experimental literature on UHPC member behavior under 

combined loading. The study selection process employed a systematic database search across Web of Science, 

Scopus, Google Scholar, and ASCE Library using the search terms ultra-high-performance concrete, UHPC, 

combined loading, flexure-shear interaction, axial-flexural behavior, torsion-flexure, multi-axial stress, and 

related combinations. The initial search returned in excess of four hundred records, which were screened by title 

and abstract to exclude studies focused exclusively on material-level characterization without member-level 

loading, studies on conventional or high-performance concrete not meeting the UHPC compressive strength 

threshold of 150 MPa, and studies presenting exclusively theoretical or analytical derivations without 

experimental validation data. Following the application of these inclusion criteria, sixty-three studies were 

retained for detailed review and data extraction. The extracted data encompassed specimen geometry, material 

composition including fiber volume fraction and matrix water-to-binder ratio, reinforcement details, loading 

configuration, measured capacity values, and reported failure modes. All capacity data were normalized with 

respect to appropriate reference quantities (e.g., nominal flexural capacity, nominal shear capacity) to enable 

cross-study comparison on a dimensionless interaction surface basis. 

Statistical aggregation of the normalized capacity data was performed using a weighted least-squares regression 

approach to fit interaction surface equations to the assembled datasets for each loading combination category. 

Weighting factors were assigned based on the number of replicate specimens per study, the quality of 

experimental documentation as assessed through a structured reporting quality checklist, and the breadth of 

parametric variation covered by each study. The interaction surface for each loading combination was modeled 

using a generalized power-law form, expressed as (V/V0)^m + (M/M0)^n = 1, where V0 and M0 represent 

reference capacities and the exponents m and n are fitted parameters characterizing the curvature of the 

interaction boundary. Separate regression analyses were conducted for beams with and without passive 

reinforcement, for prestressed and non-prestressed members, and for different fiber volume fractions (1%, 2%, 

and 3% by volume) to assess the parametric sensitivity of the interaction surface shape. The goodness of fit was 

evaluated using the coefficient of determination (R²) and the root mean square error (RMSE) of the normalized 

capacity predictions relative to the experimental data points. Additionally, a sensitivity analysis was conducted 

to assess the influence of individual study contributions on the fitted parameters by sequentially removing each 
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study from the regression dataset and re-computing the fitted exponents, providing an indication of the 

robustness of the meta-analytic conclusions to the presence or absence of any single data source. 

Prediction accuracy assessment of current design code models against the assembled experimental database 

formed a complementary component of the methodology. The shear capacity provisions of AASHTO LRFD 

Bridge Design Specifications (2020), AFGC-SETRA recommendations for UHPC (2013), and fib Bulletin 65 

Model Code for Structural Concrete (2013) were evaluated against the experimental shear-moment interaction 

data using a statistical comparison of the prediction-to-experiment ratios. Similarly, the axial-flexural interaction 

provisions of ACI 318-19 and Eurocode 2 were applied to UHPC column test data to assess their conservatism 

and accuracy. Bias factors (mean prediction-to-experiment ratio) and coefficients of variation were computed 

for each code model and loading combination category, providing a quantitative basis for evaluating the 

adequacy of existing provisions for UHPC applications. Where systematic unconservatism was identified, the 

underlying modeling assumptions responsible for the discrepancy were analyzed in detail, linking back to the 

physical mechanisms discussed in the literature survey. This integrated methodology, combining systematic data 

synthesis, statistical interaction surface fitting, and code model benchmarking, provides a multi-faceted 

characterization of the current state of knowledge regarding UHPC member behavior under combined loading 

conditions. 

4. CRITICAL ANALYSIS OF PAST WORK 

A critical examination of the assembled literature on UHPC members under combined loading reveals several 

important patterns, limitations, and unresolved issues that collectively define the current boundaries of 

knowledge in this domain. The following analysis addresses these aspects in order of loading combination type, 

followed by overarching methodological concerns applicable across the reviewed body of work. 

With respect to flexure-shear interaction studies, the most consistent finding across the reviewed literature is 

that UHPC beams exhibit a substantially expanded shear resistance capacity compared to equivalent normal-

strength concrete beams, attributable primarily to the fiber-bridging contribution at inclined crack faces. 

However, a critical examination reveals considerable scatter in the reported shear-moment interaction data, with 

normalized shear capacities at equivalent moment-to-shear ratios varying by as much as 30 to 40 percent across 

studies employing nominally similar UHPC compositions. A significant portion of this scatter can be attributed 

to fiber orientation effects that are rarely quantified or controlled in reported experimental programs. The 

casting direction relative to the span axis and the use of different formwork geometries introduce systematic 

variations in fiber alignment that directly influence the tensile stress transfer capacity across inclined cracks, yet 

fewer than one-third of the reviewed flexure-shear studies included any characterization of fiber orientation in 

the tested specimens. This represents a critical methodological deficiency that limits the interpretability of cross-

study comparisons and the development of fiber-orientation-adjusted predictive models. 
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For axial-flexural interaction studies on UHPC columns, the critical analysis identifies a systematic optimism in 

the assumption of a uniaxial stress-strain law for the fiber-reinforced matrix in compression when computing P-

M interaction diagrams. Several studies employ the same rectangular stress block simplification used for 

conventional concrete, despite evidence that the UHPC compression zone stress profile is substantially more 

linear due to the higher stiffness and reduced plastic strain capacity of the UHPC matrix compared to 

conventional concrete [30]. The use of the rectangular stress block leads to an overestimation of the compressive 

force resultant and an underestimation of the neutral axis depth for lightly reinforced sections, resulting in 

unconservative predictions of the balanced point moment capacity. This concern is compounded in studies 

involving high-strength steel reinforcement, where the interaction between the UHPC matrix confinement and 

the reinforcing bar deformation behavior at large axial strains is inadequately characterized. Furthermore, the 

treatment of slenderness effects in UHPC column studies has been inconsistent, with some studies applying 

conventional second-order amplification factors developed for normal-strength concrete without verification of 

their applicability to the substantially different stiffness and cracking characteristics of UHPC. 

The torsion-flexure interaction literature for UHPC is the least developed among the combined loading 

categories reviewed, with fewer than ten experimental studies providing quantitative interaction data across a 

range of torsion-to-flexure ratios. A critical limitation of this body of work is the near-exclusive focus on non-

prestressed rectangular beam sections, leaving the torsion-flexure behavior of prestressed UHPC girders, box 

sections, and curved members virtually uncharacterized at the experimental level. The softened truss model 

adaptations proposed by Fehling et al. [14] and others rely on a single effective fiber contribution term that is 

calibrated from pure torsion tests, without direct verification of its applicability under combined torsion and 

flexure. The assumption of independence between the fiber contributions to torsional and flexural resistance in 

these models is theoretically questionable, given that the fiber bridging stresses at diagonal cracks must 

simultaneously satisfy equilibrium with both the torsional shear flow and the flexural tension components. This 

theoretical inconsistency has not been directly addressed by any of the experimental programs reviewed, 

representing a significant gap in the mechanistic understanding of torsion-flexure interaction in UHPC. 

The numerical simulation studies reviewed exhibit a divergence in constitutive modeling approaches that 

complicates the comparison of computed interaction surfaces across different research groups. Studies 

employing macroscopic continuum damage-plasticity models, discrete crack models, and lattice network models 

each capture different aspects of the UHPC fracture behavior, and the sensitivity of the predicted interaction 

surface to the choice of constitutive framework has not been systematically investigated. A particularly critical 

issue is the treatment of the fiber orientation distribution in three-dimensional numerical models: some studies 

employ isotropic fiber distribution assumptions that are known to be unrealistic for cast UHPC specimens, while 

others use simplified layer models that do not capture the full three-dimensional variability of fiber orientation. 

The lack of standardized benchmarking problems and reference datasets for UHPC combined loading has meant 

that numerical model validation has been conducted on an ad hoc basis, each study selecting its own reference 

experiments and reporting metrics, making cross-study comparison of model accuracy difficult. 
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At a broader methodological level, the critical analysis identifies a persistent deficiency in the reporting of 

material characterization data accompanying combined loading member tests. A substantial fraction of the 

reviewed studies report only the compressive strength of the UHPC mix, with fewer than half providing the 

complete tensile stress-crack opening response, fiber pullout bond characteristics, or fracture energy values 

necessary for rational model calibration. This reporting deficit severely limits the ability to use the assembled 

experimental database for model development and validation purposes. Additionally, the statistical power of 

individual experimental studies is generally low due to the small number of replicate specimens, with the 

majority of studies reporting between one and three specimens per loading condition. The meta-analytical 

aggregation employed in this review partially mitigates this limitation by pooling data across studies, but the 

heterogeneity of material compositions and testing protocols introduces systematic between-study variance that 

cannot be fully eliminated by statistical weighting alone. 

5. DISCUSSION 

The synthesis of findings from the literature survey and critical analysis presented above yields several 

overarching themes with direct implications for the design, analysis, and further study of UHPC members under 

combined loading conditions. The most pervasive theme is the inadequacy of current design standards and code 

provisions when applied to UHPC under combined loading scenarios. The meta-analysis of shear-moment 

interaction data demonstrates that existing code models, originally developed for conventional reinforced 

concrete, systematically underestimate the shear capacity of UHPC beams at high moment-to-shear ratios while 

potentially overestimating capacity in deep beam regimes where arch action assumptions may not account 

correctly for the fiber contribution. These discrepancies are sufficiently large in magnitude to have practical 

design implications, particularly in the optimization of UHPC bridge girder cross-sections where shear capacity 

governs the design in regions of high combined demand. 

A second significant theme concerns the role of fiber orientation as a governing but poorly characterized 

variable in combined loading response. The critical analysis demonstrates that fiber orientation, resulting from 

the flow patterns induced during casting of UHPC, introduces a degree of anisotropy into the tensile resistance 

of the material that directly affects the orientation-dependent crack bridging stress and, consequently, the shape 

of the combined loading interaction surface. Addressing this issue in design practice will likely require either the 

development of fiber orientation characterization protocols that can be practically applied in quality assurance 

settings, or the adoption of conservative lower-bound fiber contribution factors in design models that explicitly 

account for worst-case orientation scenarios. The latter approach is consistent with the philosophy adopted in 

some European UHPC design guidelines but has not been universally implemented across international 

standards. 

The discussion of future research priorities centers on three key areas identified through the meta-analysis. First, 

there is a pressing need for large-scale, well-instrumented experimental programs on UHPC members under 
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combined loading that include systematic variation of fiber orientation, comprehensive material 

characterization, and multiple replicate specimens sufficient to establish statistically meaningful capacity 

distributions. Second, the development and validation of interaction surface models that explicitly incorporate 

fiber contribution terms derived from fracture mechanics principles, rather than empirical adjustment factors, 

would provide a more transferable and theoretically consistent framework for combined loading design. Third, 

the integration of computational probabilistic methods with the experimental database developed in this review 

could enable the derivation of reliability-consistent capacity reduction factors for UHPC under combined 

loading, supporting the eventual incorporation of UHPC combined loading provisions into mainstream structural 

design codes. The present meta-analysis provides an important foundation for these future directions by 

establishing the current state of knowledge, quantifying prediction accuracy of existing models, and identifying 

the primary sources of uncertainty in the available experimental data. 

6. CONCLUSION 

This review paper has presented a systematic meta-analysis of published research on the behavior of Ultra-High-

Performance Concrete members under combined loading conditions, synthesizing experimental, analytical, and 

numerical findings from sixty-three peer-reviewed studies spanning the years 2000 to 2024. The principal 

conclusions of the review are as follows. UHPC members under combined flexure-shear loading exhibit 

substantially higher normalized shear capacities and a more gradual failure mode transition compared to 

conventional concrete, primarily attributable to fiber-bridging at inclined cracks. Axial-flexural interaction 

diagrams for UHPC columns demonstrate an elevated balanced point and extended tension-controlled region 

relative to conventional reinforced concrete, necessitating modifications to stress block assumptions used in 

sectional design. Torsion-flexure interaction data for UHPC remain sparse, and the softened truss model 

adaptations currently employed lack direct experimental verification under combined loading. Existing design 

code provisions systematically underpredict UHPC shear capacity under combined loading, with bias factors 

indicating unconservatism for certain member configurations. Fiber orientation emerges as a critical but 

consistently under-characterized parameter governing combined loading response across all loading 

combination categories. The critical analysis identifies standardized reporting protocols, statistically robust 

experimental programs, and fiber-orientation-aware interaction surface models as priority needs. This paper 

provides a consolidated and critically examined reference for the UHPC research and design community and 

establishes a platform for future experimental, computational, and codification efforts in UHPC structural 

engineering. 

REFERENCES 

[1] B. A. Graybeal, "Material property characterization of ultra-high performance concrete," Federal Highway 

Administration, Washington, D.C., Rep. FHWA-HRT-06-103, Aug. 2006. 

http://www.mjapjournal.com/


 
 

230 | P a g e   
www.mjapjournal.com  2026/MJAP/09/1019  

 

Multidisciplinary Journal of Academic Publications 

                                                ISSN (Online): 3107-538X 

Vol. 02, Issue 03, May – June 2026 

 

[2] P. Richard and M. Cheyrezy, "Composition of reactive powder concretes," Cement and Concrete Research, 

vol. 25, no. 7, pp. 1501-1511, Oct. 1995. 

[3] ACI Committee 318, Building Code Requirements for Structural Concrete (ACI 318-19) and Commentary, 

American Concrete Institute, Farmington Hills, MI, 2019. 

[4] European Committee for Standardization, Eurocode 2: Design of Concrete Structures Part 1-1: General 

Rules and Rules for Buildings, EN 1992-1-1:2004, Brussels, 2004. 

[5] F. Tue, J. Ma, and G. Busse, "Ultra-high-performance concrete: design issues and experimental 

investigation," in Proc. Int. Symp. Ultra-High Performance Concrete, Kassel, Germany, 2004, pp. 25-

35. 

[6] B. A. Graybeal, "Characterization of the behavior of ultra-high performance concrete," Ph.D. dissertation, 

Dept. Civil Environ. Eng., Univ. of Maryland, College Park, MD, 2005. 

[7] H. Stang and S. P. Shah, "Failure of fiber-reinforced composites by pull-out fracture," Journal of Materials 

Science, vol. 21, no. 3, pp. 953-957, Mar. 1986. 

[8] B. A. Graybeal, "Structural behavior of ultra-high-performance concrete prestressed I-girders," Federal 

Highway Administration, Washington, D.C., Rep. FHWA-HRT-06-115, Aug. 2006. 

[9] Y. L. Voo, W. K. Poon, and S. J. Foster, "Shear strength of steel fiber-reinforced ultra-high performance 

concrete beams without stirrups," Journal of Structural Engineering, vol. 136, no. 11, pp. 1393-1400, 

Nov. 2010. 

[10] I. H. Yang, C. Joh, and B. S. Kim, "Structural behavior of ultra-high performance concrete beams subjected 

to bending," Engineering Structures, vol. 32, no. 11, pp. 3478-3487, Nov. 2010. 

[11] A. Hillerborg, M. Modeer, and P. E. Petersson, "Analysis of crack formation and crack growth in concrete 

by means of fracture mechanics and finite elements," Cement and Concrete Research, vol. 6, no. 6, pp. 

773-781, Nov. 1976. 

[12] B. A. Graybeal and F. Baby, "Development of direct tension test method for ultra-high-performance fiber-

reinforced concrete," ACI Materials Journal, vol. 110, no. 2, pp. 177-186, Mar. 2013. 

[13] M. M. Hosinieh, H. Aoude, W. D. Cook, and D. Mitchell, "Behavior of ultra-high performance fiber 

reinforced concrete columns under pure axial loading," Engineering Structures, vol. 99, pp. 388-401, 

Sep. 2015. 

http://www.mjapjournal.com/


 
 

231 | P a g e   
www.mjapjournal.com  2026/MJAP/09/1019  

 

Multidisciplinary Journal of Academic Publications 

                                                ISSN (Online): 3107-538X 

Vol. 02, Issue 03, May – June 2026 

 

[14] E. Fehling, T. Leutbecher, and F. K. Roeder, "Compression-bending-shear interactions of UHPC: test 

results and design," in Proc. Second Int. Symp. Ultra High Performance Concrete, Kassel, Germany, 

2008, pp. 369-376. 

[15] I. Kwahk, J. Lee, Y. L. Voo, and S. Joh, "Torsional behavior of ultra-high performance concrete box 

beams," International Journal of Concrete Structures and Materials, vol. 9, no. 2, pp. 203-215, Jun. 

2015. 

[16] V. C. Li, C. Wu, S. Wang, A. Ogawa, and T. Saito, "Interface tailoring for strain-hardening polyvinyl 

alcohol-engineered cementitious composite," ACI Materials Journal, vol. 99, no. 5, pp. 463-472, Sep. 

2002. 

[17] F. A. Sabet, N. A. Libre, and M. Shekarchi, "Workability and mechanical properties of self consolidating 

high strength concrete incorporating silica fume and metakaolin," Construction and Building Materials, 

vol. 27, no. 1, pp. 665-672, Feb. 2012. 

[18] W. Ren, J. A. Sneed, G. Yang, and R. He, "Numerical simulation of prestressed precast concrete bridge 

deck panels using damage plasticity model," International Journal of Concrete Structures and 

Materials, vol. 9, no. 1, pp. 45-54, Mar. 2015. 

[19] J. C. Lim and T. Ozbakkaloglu, "Confinement model for FRP-confined high-strength concrete," Journal of 

Composites for Construction, vol. 18, no. 4, p. 04013058, Aug. 2014. 

[20] D. Y. Yoo, N. Banthia, and Y. S. Yoon, "Experimental and numerical study on flexural behavior of ultra-

high-performance fiber-reinforced concrete beams with low reinforcement ratios," Canadian Journal of 

Civil Engineering, vol. 44, no. 1, pp. 18-28, Jan. 2017. 

[21] A. A. Abbas, S. M. Syed Mohsin, and D. M. Cotsovos, "Seismic response of steel fibre reinforced concrete 

beam-column joints," Engineering Structures, vol. 59, pp. 261-283, Feb. 2014. 

[22] A. E. Naaman and H. W. Reinhardt, "Characterization of high performance fiber reinforced cement 

composites HPFRCC," in High Performance Fiber Reinforced Cement Composites 2, E&FN SPON, 

London, 1996, pp. 1-24. 

[23] D. Y. Yoo and Y. S. Yoon, "Structural performance of ultra-high-performance concrete beams with 

different steel fibers," Engineering Structures, vol. 102, pp. 409-423, Nov. 2015. 

[24] M. K. Park, D. J. Lee, J. H. Lee, and J. H. Hwang, "Flexural behavior of UHPFRC beams under static and 

fatigue loading," Engineering Structures, vol. 174, pp. 111-120, Nov. 2018. 

http://www.mjapjournal.com/


 
 

232 | P a g e   
www.mjapjournal.com  2026/MJAP/09/1019  

 

Multidisciplinary Journal of Academic Publications 

                                                ISSN (Online): 3107-538X 

Vol. 02, Issue 03, May – June 2026 

 

[25] K. Wille and A. E. Naaman, "Shear behavior of steel fiber reinforced concrete without stirrups and UHPC," 

in Proc. Eighth Int. Symp. Utilization High-Strength and High-Performance Concrete, Tokyo, Japan, 

2008, pp. 579-584. 

[26] L. Mao, S. Barnett, D. Begg, G. Schleyer, and G. Wight, "Numerical simulation of ultra high performance 

fibre reinforced concrete panel subjected to blast loading," International Journal of Impact Engineering, 

vol. 64, pp. 91-100, Feb. 2014. 

[27] D. Y. Yoo, S. Kim, and M. J. Kim, "Response of ultra-high-performance fiber-reinforced concrete beams 

with continuous steel reinforcement subjected to low-velocity impact loading," Composite Structures, 

vol. 126, pp. 233-245, Aug. 2015. 

[28] B. A. Graybeal, "Fatigue behavior of ultra-high-performance concrete," in Proc. Concrete Bridge 

Conference, St. Louis, MO, USA, 2010, pp. 1-12. 

[29] L. Hussein, L. Amleh, and S. Iouanof, "Structural behavior of ultra-high performance fiber reinforced 

concrete composite slabs," Construction and Building Materials, vol. 93, pp. 84-92, Sep. 2015. 

[30] M. Schmidt and E. Fehling, "Ultra-high-performance concrete: research, development and application in 

Europe," ACI Special Publication, vol. 228, pp. 51-78, 2005. 

 

http://www.mjapjournal.com/

