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ABSTRACT 
 

Ultra-high performance concrete (UHPC), a mix of reactive powder concrete with steel fibres, 

is an advancement in concrete technology. It can be defined by its excellent properties of UHPC 

including high strength, strain hardening, low permeability and energy absorption. Over the last 

two decades, UHPC is commonly used in protective structures, as non-penetrable coverings 

and in elements that must be durable against aggressive environments and severe loadings such 

as earthquakes, impacts or blasts. In addition, strengthening reinforced concrete (RC) members 

with UHPC can be an emerging technique for design, strengthening and protecting new or 

existing structures. Moreover, UHPC has shown high bond strength and good adherence to 

normal-strength concrete (NSC) substrates. Recently, UHPC has been used for strengthening 

parts of structures where the outstanding properties of UHPC could be fully exploited in full-

scale site applications. Although UHPC has been considered as a potential tool in retrofitting 

or repairing existing RC structures, investigation on the behaviour of UHPC-concrete 

composite members is very limited. In addition, research on non-composite UHPC structural 

members subjected to dynamic loading is relatively scarce, and dynamic response of composite 

UHPC-concrete members has not yet been performed in the previous literature. 

 

This dissertation aims to further understand the structural behaviour of composite UHPC-

concrete members under static and dynamic loading. In order to accomplish this aim, five 

specific objectives are carried out: (1) to investigate the structural behaviour of composite 

UHPC-concrete slabs under static loading through the experimental study; (2) to develop the 

finite element (FE) modelling for the flexural behaviour of UHPC members under static 

loading; (3) to predict the behaviour of UHPC-concrete slabs using FE modelling under static 

loading; (4) to figure out the numerical response of composite UHPC-concrete members 

subjected to dynamic loading; and (5) to evaluate the prediction method for the capacity of 

composite UHPC-concrete members. In this dissertation, for investigation of structural 

behaviour, experimental program was carried out. The experimental results were discussed. An 

FE modelling was developed and validated with the test results. For dynamic behaviour in this 

study, blast simulations were conducted to investigate the influence of UHPC strengthening 

layer on the blast resistance capacity of composite UHPC-concrete members. Calculation 

method of the structural capacity of composite UHPC-concrete members was proposed and 

verified with the experimental data. 
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Introduction 
 
1.  Research background 
 
Ultra-high-performance concrete (UHPC) is a relatively new type of cementitious concrete 
materials. UHPC is a mix of reactive powder concrete (RPC) with steel fibres [1]. Volume 
fractions of steel fibres of 1% to 5% are often used in the UHPC. UHPC can be defined by its 
high strength (> 150 MPa in compression and > 8 MPa in tension), high stiffness (Young’s 
modulus of 4500055000 MPa), extremely low permeability, and energy absorption [2-7]. Due 
to its excellent properties, UHPC is often used in protective structures under aggressive 
environments and severe loadings such as earthquakes, impacts or blasts.  
 
In addition, the behaviour of UHPC structural members has been experimentally investigated 
through static, impact, and blast loading tests. Graybeal [8] tested full-scale UHPC bridge 
girders with different overall spans and shear spans. Voo et al. [9] conducted many structural 
UHPC tests. Yang et al. [10] and Yoo et al. [11] reported how the longitudinal steel ratio affects 
UHPC beams. Tests on reinforced UHPC members under static loading have shown that 
longitudinal rebar and steel fibres can effectively control the crack width and enhance ductility. 
Furthermore, studies on the drop-weight impact testing [12-14] and blast testing [15-18] of 
UHPC members have proven that the use of UHPC for structural elements is efficient and 
effective against dynamic loading because of the enhancement of the cracking response and 
strain hardening of UHPC relative to normal strength concrete (NSC). 
 
Importantly, concrete is one of the most commonly used materials in buildings. During service 
life of reinforced concrete (RC) structures, insufficient strength problems due to, for example, 
the deterioration of concrete or excessive deformation of the structural members could occur. 
Therefore, repair or retrofitting of the RC structural members is one of primary needs. Recently, 
with its high performance including good adherence to NSC substrates, UHPC has been 
considered as a potential tool in the challenge of retrofitting or repairing existing RC members.  
 
Concepts for using UHPC to strengthen parts of structures where the outstanding properties of 
UHPC could be fully exploited have been proposed by Brühwiler and Denarie [5]. To validate 
the concepts, four unique full-scale site applications were discussed: (1) rehabilitation and 
widening of a road bridge; (2) UHPC protection layer on a crash barrier wall; (3) rehabilitation 
of a bridge pier using prefabricated UHPC pannels; and (4) strengthening of an industrial floor. 
It showed that UHPC development is mature for use in either cast in-situ or precast applications 
using conventional standard concreting equipment.  
 
To investigate the performance of the effect of UHPC strengthening, some experimental studies 
on the combination of UHPC and RC under static loading have been carried out [19-22]. 
Oesterlee [19], Habel et al. [20] and Noshiravani and Brühwiler [21] evaluated the behaviour 
of composite RC members strengthened with UHPC. Alaee and Karihaloo [22] used 
prefabricated CARDIFRC, a type of UHPC, to strengthen RC beams. Strips of CARDIFRC 
were attached to RC members using epoxy adhesive. The results showed that UHPC layer of 
composite UHPC-concrete members enhances the structural performance in terms of ultimate 
loads, stiffness and cracking behaviour. 
 
Moreover, the interfacial bonding behaviour (between UHPC and NSC) of composite UHPC-
concrete members has been reported through experimental investigations [20,21,23]. The 
premature failure of composite members can be caused by local failures such as the de-bonding 
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and/or fracture of UHPC in the interface zone [21]. According to Habel et al. [20], the bond 
between UHPC and NSC is stronger than the tensile strength of NSC at the level of the 
longitudinal rebar of the RC members. Noshiravani and Brühwiler [21] reported that the 
structural resistance of composite UHPC-concrete members depends on the bonding conditions 
in the interaction between the three materials in tension (longitudinal rebar, UHPC, and NSC). 
Al-Osta et al. [24] observed that no de-bonding but horizontally fine cracks appeared near the 
interface. Denarié et al. [23] showed that the bonding mechanism between UHPC and NSC is 
more efficient in terms of energy dissipation than the mechanism in the cracking of RC 
members.  
 
Based on the above-mentioned literature, use of UHPC has demonstrated a great potential in 
strengthening RC structures. UHPC enhances the structural performance of composite UHPC-
concrete members. However, studies in this area are very limited and remain challenges. 
Therefore, to further understanding the behaviour of composite RC members strengthened with 
UHPC, the present study was conducted. This study comprises experimental program, and 
numerical model of the composite members, and the structural capacity was computed using 
the applications of modification of existing design models. 
 
2.  Critical review 
 
Although several studies were previously carried out [19-24], the behaviour of composite 
members influenced by a UHPC layer strengthening has not yet been fully clarified. In 
particular, the number of studies in the literature on composite members that include overlays 
onto which an additional UHPC overlay is applied to existing RC members is very limited. 
More importantly, there are several published studies of tests on UHPC overlay modes, but 
reports on rehabilitation schemes, in which UHPC is used to repair deteriorated concrete, are 
very few. Therefore, more experimental works in this research area are definitely needed. 
 
In addition, studies on the behaviour of UHPC structural members using the finite element (FE) 
method, which is an effective tool for the effective enhancement of the structural performance, 
have been very limited in the past. According to previous studies [25-27], investigations on the 
application of FE analysis to UHPC behaviour have been very limited. Furthermore, the effect 
of the steel fibre length has not been yet clearly considered in existing FE models.  
 
The experimental investigations in the previous studies [6,20,21,23,28] demonstrate that the 
strength of the bond between NSC and UHPC is a crucial factor in the performance of the 
composite. However, in the past, the FE models for predicting the behaviour of composite 
UHPC-concrete members did not involve the interfacial bond characteristic between UHPC 
and NSC and validate with test data [24,29-31].  
 
Furthermore, dynamic behaviour of structural members particularly under explosions is usually 
more complex than static behaviour. Although accidental or intentional explosions rarely occur, 
blast damages of RC structures would become disastrous consequence. Blast loads with short 
duration can produce extremely large amount of energy to the structures and excite global or 
local responses. The excitement of the blast effect can cause immediate failure of structural 
members or executes the risk of structural progressive collapse. According to the past 
experimental studies [15,17,18,27], it demonstrated that UHPC structural members under blast 
loading significantly enhances the blast resistance capacity than the conventional RC members 
made of NSC. The use of UHPC layer onto RC members could be essential to mitigate the blast 
effect, because of the ductile behaviour of UHPC that could absorb large amount of blast energy. 
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However, the dynamic behaviour of composite RC members strengthened with UHPC under 
blast loading has not yet been investigated. 
 
In addition to the experimental and numerical study, analytical methods of the structural 
capacity of composite UHPC-concrete members are certainly needed. According to Alaee and 
Karihaloo [22] and Habel et al. [32], the flexural strength of UHPC-concrete members was 
computed using the moment-curvature relationships. Noshiravani and Brühwiler [33] carried 
out analytical models for flexural-shear resistance of composite beams. An elastic-plastic 
fictitious composite hinge model was used for the cracking in RC members with consideration 
of interaction between the two elements of composite members. However, these studies 
required several steps in the analysis. Besides, design provisions have not yet been available to 
predict the structural capacity of UHPC-concrete sections. Use with modification of existing 
design models of RC such as ACI 318 [34] and/or fibre reinforced concrete (FRC) such as ACI 
544 [35] structures may be useful because they are simple and easy to use. 
 
3.  Objectives 
 
The main aim of the present study is to accomplish the overall understanding of the behaviour 
of composite RC members strengthened with UHPC. To achieve this aim, five specific 
objectives are made: 
 

(1) To investigate the structural behaviour of composite UHPC-concrete slabs under static 
loading through the experimental study. 
 

(2) To develop an FE modelling for the flexural behaviour of UHPC members under static 
loading. 
 

(3) To predict the behaviour of composite UHPC-concrete slabs using FE modelling under 
static loading. 
 

(4) To figure out the numerical response of composite UHPC-concrete members subjected 
to dynamic loading. 
 

(5) To evaluate the prediction of composite UHPC-concrete members using existing design 
models. 

 
4.  Methodology 
 
In this study, the research methodology consisted of: 

- Conducting experiments on composite UHPC-concrete members. 
- Developing an FE model for flexural behaviour of UHPC members. 
- Proposing a new modelling technique for FE model of composite UHPC-concrete 

members. 
- Investigating the numerical response of composite UHPC-concrete members subjected 

to dynamic loading. 
- Adopting the existing design equations to predict the flexural and shear strength of 

UHPC-concrete members. 
 
5.  Research limitations 
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In this dissertation, the experimental investigation on the behaviour of composite UHPC-
concrete members was investigated and limited to ten static slab specimens. Of ten specimens, 
seven slabs were composite UHPC-concrete members. The others were non-composite RC or 
UHPC members conducted for reference. The results of load-midspan deflection curves and 
longitudinal steel strains at the midspan were reported and discussed.  
 
In addition, the FE model developed for flexural behaviour of non-composite UHPC members 
was validated with 21 experimental data, conducted in the present study and by previous 
researchers. Furthermore, a new modelling technique using equivalent beam elements to 
consider bond strength at NSC-UHPC interface was proposed and employed in the FE model 
of composite UHPC-concrete specimens. The numerical results were compared to the results 
of the seven composite UHPC-concrete slabs tested in the present study.  
 
In the present study, no experiments for the dynamic behaviour were conducted. The dynamic 
behaviour was investigated through the numerical simulation of the specimens under blast 
loading. This blast simulation was performed to assess the effectiveness of UHPC strengthening 
layer of RC members on the blast resistance capacity of composite UHPC-concrete members. 
 
Adopted methods to predict the structural capacity of composite UHPC-concrete members were 
based on the application of existing design models of non-composite members. For the sake of 
simplicity, some assumptions were made, although it may not fully capture the actual structural 
behaviour of the tested specimens. It could be suggested that more realistic and rational models 
are certainly needed to be further developed in the future. 
 
6.  Overview 
 
In addition to the introductory chapter clarifying research background, critical review, and 
research objectives, the main body of this dissertation consists of six papers. The list of the 
papers includes: 
 
 Paper I: Experimental investigation on the behaviour of reinforced concrete slabs 

strengthened with ultra-high performance concrete 
 Paper II: Finite element modelling to predict the flexural behaviour of ultra-high 

performance concrete members 
 Paper III: Numerical model for predicting the structural response of composite UHPC–

concrete members considering the bond strength at the interface 
 Paper IV: Behaviour of UHPC-concrete composite members subjected to static and 

dynamic loading: Numerical study  
 Paper V: Prediction of shear capacity of UHPC-concrete composite structural members 

based on existing codes 
 Paper VI: Prediction of flexural strength of UHPC-concrete composite members based on 

existing design models 
 
This dissertation is structured into eight chapters, which can be summarised as follows. 
 
Chapter I is the introductory chapter. This chapter clarifies the research background, critical 
review, and research objectives. 
 
Chapter II (Paper I) presents the experimental program, and results and discussion. In this 
chapter, UHPC material was developed. After serval trials, the best performance of UHPC was 
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chosen and used for casting onto the tension zone of conventional RC members. A total of nine 
specimens of non-composite and composite RC slabs strengthened with various UHPC 
strengthening configurations were tested. Of nine specimens, seven slabs were composite 
UHPC-concrete members. The others were non-composite RC or UHPC members conducted 
for reference. All specimens were tested under static loading. To evaluate the behavioural 
response, the specimens were grouped into two series. The first, a rehabilitation series, tested 
UHPC as patch material for repairing deteriorated concrete structures. The second, a UHPC 
overlay series, was used to retrofit soffits of RC members. Results showed that UHPC layer, in 
rehabilitation series, prevented against the diagonal shear cracks shown in conventional RC 
slabs. The composite UHPC-concrete specimens revealed an excellent energy absorption with 
extensive deflection hardening and ductility during the post cracking range. In UHPC overlay 
series, each specimens showed diagonal shear cracks and debonding of UHPC. The ultimate 
capacity increased as the UHPC overlay thickness increased. 
 
Chapter III (Paper II) addresses an FE model to predict the behaviour of UHPC members under 
static flexural loading. A concrete damage model based on plasticity constitutive model for 
concrete and an implicit solver in commercial FE software LS-DYNA were adopted in the 
numerical simulation. Experimental data for 21 UHPC flexural specimens tested in the present 
study and in previous works were used to validate the proposed FE model and modelling 
technique. Results revealed that the developed FE model was able to accurately predict the 
experimentally obtained ultimate strength, stiffness, and hardening and softening behaviours of 
the specimens. 
 
Chapter IV (Paper III) focuses on an improved FE model developed for the prediction of the 
structural behaviour of RC members strengthened with UHPC. The model was validated using 
experimental data. Accurately representing the interfacial bond characteristics of composite 
UHPC-concrete members was the main challenge in developing the modelling technique. A 
novel technique using equivalent beam elements at the interface between UHPC and NSC 
substrate was proposed for this purpose. The material properties of the equivalent beam 
elements were defined to represent the equivalent bond characteristics of NSC. The structural 
response of composite UHPC-concrete members was effectively predicted with good accuracy 
using the developed FE model. 
 
Chapter V (Paper IV) investigates the dynamic behaviour of RC strengthened with UHPC 
obtained using the developed FE modelling. For dynamic response, blast simulation was 
performed using explicit method. The blast model was validated with test data of non-composite 
RC or UHPC members available in the literature. For composite UHPC-concrete member, the 
blast simulations were carried out to investigate the influence of UHPC strengthening layer on 
the blast resistance capacity of the composite members. The effectiveness of UHPC layer of 
composite UHPC-concrete members was demonstrated through comparing the results with 
reference non-composite RC and UHPC members under same blast loading. 
 
Chapters VI (Paper V) and VII (Paper VI) introduce methods based on application of existing 
design codes for predicting the shear and flexural capacity of composite UHPC-concrete 
members. Six different methods were individually investigated for shear strength. Three of 
them were adopted by converting the volume fraction of steel fibres used in UHPC as an 
equivalent longitudinal steel ratio. Other three methods computed the shear strength as a sum 
of two components of shear contributions provided by RC member and by UHPC layer; and 
each of the components was independently calculated. For flexural strength, a simple method 
was adopted based on the existing design models. The rectangular stress block diagrams for 
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compression and tension zone of the conventional concrete and UHPC layer in the composite 
section were assumed, respectively. The proposed methods were found to be able to fairly 
predict the structural capacity of composite UHPC-concrete members compared to the 
experimental results. 
 
Chapter VIII is the conclusion and recommendation chapter. Through the results and discussion 
in the present study, it could be concluded that the understanding of the behaviour of composite 
RC members strengthened with UHPC was expanded. The influence of UHPC strengthening 
layer and the bond strength between UHPC and NSC were figured out. Importantly, it was 
found that the behaviour of composite UHPC-concrete could be effectively and efficiently 
predicted using the developed FE model. In addition to the conclusions, this chapter also lists 
some recommendations for future work. 
 
7. Information details of the papers 
 
Paper I: 

The content of this Paper I (Chapter II) has been published in the following article.  
 
Hor Yin, Wee Teo, Kazutaka Shirai, “Experimental investigation on the behaviour of 
reinforced concrete slabs strengthened with ultra-high performance concrete,” 
Construction and Building Materials, vol. 155, pp. 463–474, 2017. 

 
Paper II: 

The content of this Paper II (Chapter III) has been submitted for consideration for 
publication as follows. 
 
Hor Yin, Kazutaka Shirai, Wee Teo, “Finite element modelling to predict the flexural 
behaviour of ultra-high performance concrete members,” Engineering Structures, 
(submitted date: 15 March 2018, under review). 

 
Paper III: 

The content of this Paper III (Chapter IV) has been submitted for consideration for 
publication as follows. 
 
Hor Yin, Kazutaka Shirai, Wee Teo, “Numerical model for predicting the structural 
response of composite UHPC–concrete members considering the bond strength at the 
interface,” Composite Structures, (submitted date: 25 April 2018, submitted). 

 
Paper V: 

The content of this Paper V (Chapter VI) has been submitted for consideration for 
publication as follows. 
 
Hor Yin, Kazutaka Shirai, Wee Teo, “Prediction of shear capacity of UHPC–concrete 
composite structural members based on existing codes,” Journal of Civil Engineering and 
Management, (submitted date: 25 May 2018, under review). 

 
Papers IV (Chapter V) and VI (Chapter VII) in this dissertation have not yet been published or 
submitted to elsewhere. The preparation of these two papers for consideration for publication 
is in progress.  
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Experimental investigation on the behaviour of reinforced concrete slabs strengthened 
with ultra-high performance concrete 
 
Abstract 
 
Nine rectangular specimens were tested to investigate the behaviour of composite reinforced 
concrete (RC) slabs strengthened with ultra-high performance concrete (UHPC). The 
specimens were two series with various UHPC strengthening configurations. The first, a 
rehabilitation series, tested UHPC as patch material for repairing deteriorated concrete 
structures. The second, a UHPC overlay series, was used to retrofit soffits of RC members. The 
results showed that using the rehabilitation series, the UHPC reduced diagonal cracking and 
developed more flexural cracks as compared to RC slabs with no UHPC strengthening. The 
UHPC exhibited excellent energy absorption with extensive deflection hardening and ductility 
during the post cracking range. In the UHPC overlay series, each slab showed diagonal shear 
cracks and debonding modes. The UHPC overlay delayed the development of shear cracking. 
As the overlay thickness increased, the ultimate load increased; but the tendency for the UHPC 
to undergo fracture failure also increased. 
 
Keywords: composite UHPC-concrete slabs; UHPC overlay; rehabilitation; structural 
behaviour; shear capacity; ductility. 
 
1. Introduction 
 
Ultra-high performance concrete (UHPC) is an advancement in concrete technology. It is a mix 
of reactive powder concrete (RPC) with steel fibres, which was firstly developed by Richard 
and Cheyrezy [1]. Typically, UHPC offers high compressive strength of from 150 to 200 MPa 
without heat curing [2]. In addition, UHPC or ultra-high performance fibre reinforced concrete 
(UHPFRC) exhibits excellent mechanical properties such as durability [3-5], low permeability 
[5,6] and energy absorption [7-11]. Therefore, UHPC is often used in protective structures, as 
non-penetrable coverings and in elements that must be durable against aggressive environments 
and severe loadings such as earthquakes, impacts or blasts. 
 
Due to its superior properties, many researchers have expounded on the structural responses of 
UHPC members. Graybeal [12] conducted full-scale tests of UHPC bridge girders with 
different overall spans and shear spans. Voo et al. [13] conducted many structural UHPC tests. 
Their results showed that UHPC significantly improves ductile behaviour. Furthermore, Yang 
et al. [14] and Yoo et al. [15] reported how the longitudinal steel ratio affects UHPC beams. 
Their studies demonstrated that the rebar and steel fibres effectively control crack width and 
ductility.  
 
Recently, UHPC has been considered as a potential tool in the challenge of retrofitting or 
repairing existing reinforced concrete (RC) members. Concepts for using UHPC to strengthen 
parts of structures where the outstanding properties of UHPC could be fully exploited have 
been proposed by Brühwiler and Denarie [5]. To validate the concepts, four unique full-scale 
site applications were discussed. Their findings were very encouraging. The use of UHPC has 
shown great potential and UHPC development is mature for use in either cast in-situ or precast 
applications using conventional standard concreting equipment. 
 
To observe the performance of UHPC strengthening, some experimental studies that combine 
UHPC and RC have been carried out [16-21]. Oesterlee [16], Habel et al. [17], and Noshiravani 
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and Brühwiler [18] evaluated the behaviour of RC members strengthened with UHPC overlays 
when subjected to bending. The results showed that UHPC overlays enhance the structural 
performance in terms of ultimate loads, stiffness and cracking behaviour. Zohrevand et al. [19] 
reported the use of UHPC within critical punching shear area of the RC slabs. It was shown that 
the partial use of UHPC improves the shear capacity and significantly influences cracking 
patterns in punching shear area compared to the reference RC slab. Another investigation was 
carried out by Alaee and Karihaloo [20] using CARDIFRC, a type of UHPC, to strengthen RC 
beams. Strips of CARDIFRC were attached to RC members using epoxy adhesive. The 
maximum load carried by the strengthened beams was equal to or higher than that of the RC 
beams, but the load-deflection curves showed softening behaviour after reaching the maximum 
force. In addition, Kim et al. [21] tested RC beams repaired with the conventional ductile fibre 
reinforced cementitious composite (DFRCC). Two thicknesses of DFRCC for the concrete 
cover thickness and twice the cover thickness were adopted in their study. Results mainly 
showed that DFRCC delays the bond interface failure between DRFCC and the original RC 
beams. However, DFRCC has lower mechanical properties, especially load bearing capacity 
compared to UHPC. 
 
Owing to the novel properties of UHPC, however, the behaviour of composite members 
influenced by a UHPC layer strengthening has not yet been fully clarified. In particular, the 
number of studies in the literature on composite members that include overlays onto which an 
additional UHPC overlay is applied to existing RC members is very limited. More importantly, 
there are published studies of tests on UHPC overlay modes, but to the best of the authors’ 
knowledge, as yet there are no publish reports on rehabilitation schemes in which UHPC is used 
to repair deteriorated concrete. Therefore, more experimental work in this area is definitely 
needed. 
 
The purpose of this study is to further understand the structural behaviour of composite UHPC-
concrete slabs. To accomplish the objective, tests on various UHPC strengthening 
configurations applied in the tensile zone of RC slabs were conducted. New experimental 
features of rehabilitation strengthening modes and UHPC overlay modes are described. The 
experimental program, including details of the test parameters and equipment setup is described 
in section 2. In section 3, the mechanical properties of UHPC materials are provided. The test 
results and discussion are presented in section 4, focusing on the mechanical behaviour of load-
deflection relationships, longitudinal steel strain, cracking development and failure modes. 
Section 5 summarises the research conclusions with recommendation of future research. 
 
2. Experimental program 
2.1. Description of test specimens and parameters 
 
This experimental study used nine rectangular concrete slabs with various composite UHPC-
concrete configurations. Two test series with distinct composite configurations were adopted. 
The first series used UHPC as rehabilitate material. It is labelled RE. The second, where UHPC 
is used as a retrofit material in overlays, is labelled OV. The RE series consisted of five slabs, 
while the OV series used four. Each slab was 1600 mm long with a clear span of 1200 mm. 
They were tested under a three-point load condition, as shown in Fig. 1. Full details of the 
various composite UHPC-concrete configurations adopted for the two series are illustrated in 
Fig. 2. 
 
The RE series consisted of five slabs with 300 mm wide by 100 mm high cross sections. This 
series was designed to investigate the use of UHPC applied in the tension zone as patch material 
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for repair and rehabilitation of structural members. Often in practice, deteriorated concrete will 
be removed and high performance repair materials applied to the concrete substrate. In this 
series, different UHPC thicknesses were considered in order to reflect different extents of 
deterioration and repair. The slab specimens were designated according to the thickness of the 
UHPC applied to the concrete substrate. For example, slab specimen RE-32 featured a slab with 
deteriorated concrete removed and rehabilitated with a 32 mm thick layer of UHPC. All slabs 
in the RE series had five T12 mm diameter high tensile steel bars (5T12) at the top and bottom. 
No transverse shear reinforcement was provided, but to avoid anchorage failure at the end 
supports, three R6 mm diameter mild steel links were installed. Details of the reinforcement are 
shown in Figs. 1 and 2. 
 

 
 

Figure 1: Experimental setup and test specimen instrumentation. 
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Figure 2: Details of RE and OV series composite UHPC-concrete configurations. 
 
The OV series consisted of four slabs with similar cross-sectional dimensions as the RE series, 
but with different additional UHPC overlays strengthening the tension zone. Two thicknesses 
of UHPC overlay were considered, 25 mm and 50 mm. Two slab specimens of each overlay 
thickness were prepared. One was not reinforced, while the other had five T10 mm diameter 
high tensile steel bars as longitudinal reinforcement (5T10). The slab specimens were 
designated according to the thickness of UHPC overlay and longitudinal steel reinforcement. 
Slab specimens with a UHPC overlay and longitudinal reinforcement are denoted by “a”. For 
example, slab specimen OV-50a had a 50 mm thick UHPC overlay and was reinforced with 
5T10 longitudinal reinforcement. Geometric and reinforcement details of the experimental 
specimens are summarised in Table 1. 
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Table 1: Details of slab specimens. 

Specimen 
b 

(mm) 
h 

(mm) 

UHPC 
thickness, 
hU (mm) 

Longitudinal reinforcement 
Top 
steel 

Bottom steel T12 T10 

A’s As AsU 
fy 

(MPa) 
fmax 

(MPa) 
fy 

(MPa) 
fmax 

(MPa) 
RE-0 300 100 - 5T12 5T12 - 501.6 564.7 - - 

RE-20 300 100 20 5T12 5T12 - 501.6 564.7 - - 

RE-32 300 100 32 5T12 - 5T12 501.6 564.7 - - 

RE-50 300 100 50 5T12 - 5T12 501.6 564.7 - - 

RE-100 300 100 100 5T12 - 5T12 501.6 564.7 - - 

OV-25 300 125 25 5T12 5T12 - 501.6 564.7 - - 

OV-25a 300 125 25 5T12 5T12 5T10 501.6 564.7 474.9 506.6 

OV-50 300 150 50 5T12 5T12 - 501.6 564.7 - - 

OV-50a 300 150 50 5T12 5T12 5T10 501.6 564.7 474.9 506.6 

 
The slab specimens for both series were prepared in two stages. First, the normal strength 
concrete (NSC) was cast, then the UHPC was mixed and cast onto the concrete substrate. The 
NSC was supplied by a local ready-mix supplier. Six 100 mm standard cubes and six 100 by 
200 mm standard cylinders were prepared for compressive strength testing. All the slabs, cubes 
and cylinders were cured under identical conditions: under ambient temperature covered with 
wet hessian for 7 days followed by dry open air for the remainder of the period until the day of 
testing (day 28). The average compressive strength of the NSC at 28 days was 33 MPa for the 
cubes and 23 MPa for the cylinders. 
 
After the NSC hardened, the top surface of the concrete was purposely roughened in order to 
create a good bonding surface for UHPC layer. This was done using chisel and hammer 
randomly throughout the NSC substrate. Before casting of UHPC, the surface of the concrete 
substrate was moistened for 10 min and wiped dry with a cloth. Unlike the NSC, UHPC was 
prepared manually in the laboratory. Because of the quantities, three separate UHPC mixes 
were prepared for the two series. Details of the UHPC mix proportions and mechanical 
properties are given in Tables 2 and 3. Fig. 3 shows the preparation of the slab specimens before 
and after casting of the UHPC layers.  
 

Table 2: UHPC material properties and mix design proportions. 

Constituent Description 
Specific 
density 

Mix 
proportion by 

weight 
Cement  Ordinary Portland cement Type I 3.15 1.00 

Silica fume Bulk density is 204.4 kg/m3 3.15 0.25 

Quartz powder Minimum 97% pass through 325 mesh sieve 2.76 0.25 

Quartz sand P100/300 minimum 80% retained 2.71 0.48 

River sand 0.3 – 0.8 mm 2.67 0.80 
Steel fibre 
(%Vol.) 

Straight fibres 13 mm long, 0.2 mm diameter, tensile 
strength > 2300 MPa 

7.83 3% 

Superplasticiser Sika ViscoCrete 2044 - 0.05 

W/C Water to cement ratio - 0.20 
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Table 3: Mechanical strength properties of UHPC mix designs used in this study. 

Mix 
Ultimate compressive strength of UHPC Flexural strength: σf 

(MPa) 
Spread 
(mm) Cube samples: fcu,U (MPa) Cylinder samples: f'c,U (MPa) 

1st 166 156 

27.4 

233 

2nd 156 151 215 

3rd 184 152 224 

 

   
 
 

Figure 3: (a) RC slabs before UHPC layer casting and (b) composite UHPC-concrete slab 
specimens. 

 
2.2. Test setup and instrumentation 
 
All slab specimens were simply supported and subjected to the three-point load configuration 
shown in Fig. 1. Each slab had a clear span of 1200 mm and carried a concentrated load at mid-
span, applied at a loading rate of 0.1 kN/sec. The shear span between the supports and load 
point is 600 mm, corresponding to a shear span-to-effective depth ratio (a/d) of 8.11 for slabs 
without UHPC overlays. Two types of instrumentation were used, linear variable differential 
transducers (LVDTs) to measure vertical mid-span deflection and electrical resistance strain 
gauges to measure internal longitudinal reinforcement steel strain. Fig. 4 shows a slab specimen 
with instrumentation ready for testing. 
 

 
 

Figure 4: Test setup and specimen instrumentation system. 

(a) (b) 

Data logger  

Loading 
point 

LVDTs 
measuring 
deflection 

Load cell 

Actuator 

Rigid roller 
support  

Rigid roller 
support  



 

17 
 

 
Two LVDTs were installed on each slab underneath the slab soffit at mid-span. The vertical 
deflections were plotted based on the average of the two LVDTs. For the slab specimens of the 
RE series, two strain gauges were installed at the mid-span of the bottom longitudinal 
reinforcement. For slabs OV-25a and OV-50a in the OV series, besides the two strain gauges 
on the bottom longitudinal reinforcements of the concrete substrate, two additional strain 
gauges were attached to their longitudinal reinforcements in the UHPC layer. Details of the 
positions of the strain gauges are shown in Fig. 1. 
 
KYOWA waterproof strain gauges of 5 mm gauge length were used. Before a gauge was 
attached, the steel rebar was ground to a slightly flat surface for ease of gauge placement. The 
ground surface was then polished with sand paper and cleaned with acetone solvent before 
attaching the gauges using cement glue. To prevent strain gauge damage during concreting, all 
gauges were protected with an extra layer of silicone. Fig. 5 shows the placement of a 
waterproof strain gauge on the bottom longitudinal reinforcement before being protected with 
silicone. 
 

 
 

 

 
 
 

Figure 5: Strain gauges on longitudinal steel. 
 
3. UHPC Material 
 
The design strength of the UHPC in this study was targeted at 150 MPa. Several trial mixes 
were attempted. The mix proportion and constituents chosen for use in this study as a result of 
these trials are shown in Table 2. To obtain the rheology and mechanical properties of the UHPC 
mix, compressive strength testing, three-point flexural testing and flow testing were conducted. 
Details of the test results are explained in the following sub-sections. 
 
3.1. Compressive strength 
 
Four cube and cylinder samples were collected of each mixture to measure its compressive 
strength. After casting, all samples were cured and treated in the same environment as the slab 
specimens. In this study, three mixtures were prepared for the slab specimens of both the RE 
and OV series. The compressive strengths obtained at 28 days for each mixture are summarised 
in Table 3. After trying several different percentages of steel fibres, it was found that 3% of 
steel fibres achieved the best performance and was therefore chosen for this study.  
 
3.2. Flexural strength 
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Three prism specimens 500 mm long with cross-sectional dimensions of 100 by 100 mm were 
prepared of each mixture for the three-point flexural strength tests. Flexural testing was 
conducted according to the BS EN 12390-5-2009 standard [22]. Fig. 6 shows the test setup and 
the final crack pattern of a UHPC specimen with 3% steel fibres after testing. 
 

  
 

Figure 6: Three-point bending flexural test arrangement. 
 
All the prism specimens were also instrumented to measure vertical deflection. Two LVDTs 
were installed at the top and on both sides of the specimen, as shown in Fig. 6. Such an 
arrangement ensured that the LVDTs were not damaged during or after the test. The deflection 
value was based on the average of the two LVDTs readings. Plots of load versus deflection for 
0% steel fibre (plain UHPC) and 3% steel fibre are presented in Fig. 7. 
 

 
 

Figure 7: Load-deflection curves of flexural tests. 
 
According to BS EN 12390-5-2009 [22], flexural strength of the three-point bending test is as 
follows:  
 

max
2

3

2f

P L

bh
             (1) 

 
where Pmax is the maximum load, L is the distance from support to support, b is the width of the 
specimen and h is the height of the specimen (b = h = 100 mm). The experimentally obtained 
average flexural strength for UHPC with 3% steel fibre is 27.4 MPa, as indicated in Table 3. 
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We carried out flow tests on fresh UHPC mixtures following EN 1015-3 [23]. Samples of fresh 
UHPC were obtained immediately before the slab specimens were cast. The flowability of the 
mixture was measured based on the average perpendicular diameter of the maximum spreads. 
According to Wille et al. [2], the acceptable spread limit for sufficient workability and optimum 
packing density should be between 200 mm and 300 mm. The average measured spreads are 
summarised in Table 3. 
 
4. Experimental results and discussion 
4.1. RE Series 
4.1.1. Ultimate strength and failure modes 
 
The ultimate experimental failure loads of the slabs in the RE series and their respective failure 
modes are summarised in Table 4. In addition, to illustrate the failure behaviour clearly, the 
crack patterns developed in each slab are shown in Fig. 8. 

 

 
Figure 8: Failure modes and crack patterns of RE series. 

 
Slab RE-0 is a reference specimen made of NSC. It failed at an ultimate load Pu equal to 61.08 
kN, which corresponds to an ultimate moment Mu,exp of 18.32 kNm. The calculated flexural 
moment capacity Mfle based on the exact material properties is equal to 15.51 kNm, so the 
failure load of slab RE-0 actually exceeded the full moment capacity of the section. Despite 
attaining such a load, however, slab RE-0 still failed in shear. The failure mode was brittle and 
sudden with diagonal tension cracks followed by spalling of the concrete cover along the 
longitudinal reinforcement. 
 



 

20 
 

Slab RE-20 simulated the repair of deteriorated concrete with a 20 mm thick UHPC cover. Its 
failure was not as sudden and devastating as that of slab RE-0. The strengthened UHPC concrete 
cover layer enhanced the tension zone and delayed the formation of diagonal shear cracks. The 
specimen suffered shear compression failure with concrete crushing and diagonal shear 
cracking, followed by fracture and debonding of the UHPC layer. Although the failure mode 
improved, there was no sign of strength enhancement. Slab RE-20 failed at an ultimate load Pu 
of 57.18 kN. 
 
Slab RE-32 was strengthened with 32 mm thick UHPC to simulate the repair of deteriorated 
concrete with exposed reinforcement rebars. Unlike slab RE-20, no sign of UHPC layer 
debonding happened in slab RE-32. Its failure was purely flexural with concrete crushing at the 
compression zone. The slab behaved in a very ductile manner until the final fracture of the 
UHPC layer. Though a few inclined cracks were visible in the concrete substrate, no impending 
shear failure occurred. Similar to slab RE-20, no strength enhancement was observed compared 
with reference slab RE-0. On the contrary, slab RE-32 failed at the lowest load of the RE series, 
an ultimate Pu of only 43.68 kN. 
 
Slab RE-50 was strengthened with 50 mm thick UHPC, which corresponds to half the thickness 
of the slab. There were neither signs of debonding of the UHPC layer nor inclined cracks in the 
concrete substrate. The mode of failure was a ductile flexural failure that featured concrete 
crushing at the compression zone, followed by a main flexural crack fracturing through the 
UHPC layer. Based on the observations from slabs RE-20, RE-32 and RE-50, it is evident that 
as the thickness of the tension zone enhanced by UHPC increased, the likelihood of diagonal 
shear failure diminished. Sllab RE-50 failed at an ultimate load Pu of 55.38 kN. 
 
Slab RE-100 was a reference specimen formed of UHPC. It attained the highest ultimate failure 
load of the RE series (Pu = 112.95 kN). Throughout loading, no visible signs of major cracks 
were observed along the whole span.  The final failure mode was ductile with a single flexural 
crack initiated at mid-span of the slab. 
 
4.1.2. Mid-span deflection responses 
 
Load versus mid-span deflection is plotted for the RE series slabs in Fig. 9. The curves are 
based on the average of the two LVDTs installed under the soffit at mid-span, as described 
earlier. 
 
Slab RE-0 showed a quasi-linear load deflection response, which reflected typical 
characteristics for brittle shear failure behaviour with limited ductility. When the tension zone 
was strengthened with a UHPC layer, the overall behaviour of the strengthened slab changed 
completely. As can be seen in Fig. 9, all the composite UHPC-concrete slabs underwent 
extensive deflection hardening and ductility during the post cracking range. Although no sign 
of strength enhancement was found in any of the strengthened slabs as compared to reference 
slab RE-0, that could easily be offset by their excellent energy absorption capabilities. It is 
common to measure the extent of ductility of a structural element by a normalised factor known 
as the ductility index [24], which can be defined as the ratio of deflection at the ultimate state 
to deflection at the yielding of the longitudinal steel. The ductility indices calculated for each 
slab are summarised in Table 4. 
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Figure 9: Load versus mid-span deflection curves of RE series. 
 
The ductility index of the strengthened slabs decreased as the thickness of the UHPC layer 
increased. As demonstrated in Table 4, slab RE-20 had a ductility index of 2.85, whereas those 
of slabs RE-32 and RE-50 were 1.90 and 1.11, respectively. This implies that strengthening the 
tension zone with UHPC relieved the tensile forces acting on the longitudinal reinforcement. 
Therefore, greater deflection was required for the longitudinal reinforcement to reach its yield 
point. Ultimately, the failure of the strengthened slabs was limited by the strength of the 
concrete at the compression zone. As clearly observed from the experiment, slabs RE-32 and 
RE-50 failed in ductile flexure featuring concrete crushing at the compression zone. When the 
slab was a full UHPC section, like RE-100, the phenomena that occurred in slabs RE-20, RE-
32 and RE-50 were inhibited. Slab RE-100 experience improved stiffness with the least 
deflection when the longitudinal reinforcement yielded, as shown in Fig. 9 and Table 4. 
 

 
 

 
 

Figure 10: Shear transfer mechanism in slabs RE-20 and RE-32. 
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Partial strengthening of the tension zone with UHPC created a weak bond interface between 
the UHPC and NSC. This was even more critical when the interface happened to be located at 
the longitudinal reinforcement, as in the case of slab RE-32. Fig. 10 indicates the shear transfer 
mechanisms of slabs RE-20 and RE-32. As is commonly known (Kani [25], Teo and Müller 
[26]), shear in reinforced concrete arises due to the change of tensile forces (horizontal T 
forces) along the longitudinal reinforcement. Shear (or T forces) is transferred from the 
reinforcement to the concrete through the action of the bond between them. As can be seen in 
Fig. 10, slab RE-32, a UHPC layer that reaches up to the top of the reinforcement actually 
prevents effective shear transfer between the longitudinal reinforcement and the concrete. This 
inevitably weak bond interface caused the slab to fail at a lower loading than RE-20 or RE-50.  
 
4.1.3. Longitudinal steel strain responses 
 
The load versus longitudinal steel strain curves of the slabs of the RE series are shown in Fig. 
11. Each slab was instrumented with two strain gauges at the longitudinal steel reinforcement, 
labelled “cc1” and “cc2” in Fig. 1(e). The steel strain curves plotted in Fig. 11 were based on 
the average values of the two strain gauges. The dashed vertical line in the figure shows the 
experimentally obtained yield strain of the steel, y = 2446.8 . 
 

 
Figure 11: Load versus longitudinal steel strain curves of RE series. 

 
Generally, yielding of the longitudinal reinforcement was observed in all slabs except RE-0. 
The experimental results indicated that UHPC provided at the tension zone could actually 
relieve the initial strain the longitudinal steel reinforcement underwent, compared with that in 
RE-0, as clearly observed in slabs RE-32 and RE-50. Similar to the mid-span deflection 
responses, all the strengthened slabs were found to undergo substantial hardening (strain) and 
ductility in the post cracking range.  
 
It is of interest to note that at a load of approximate 45 kN, the strain sudden increased in slab 
RE-20 due to the breakdown (debonding) of the composite bond interface between the UHPC 
and NSC. Coincidently, slab RE-32 also experienced a comparative failure at that load level. It 
also experienced much less ultimate strain than slabs RE-20 or RE-50. This is mainly due to 
the weak bond interface between the longitudinal reinforcement and concrete, as discussed in 
the preceding section, which prevented effective full bond development and therefore failed 
prematurely. 
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Table 4: Summary of experimental results. 

Specimen 

Ultimate Yield Deflection ductility 
index 

d = u/y 
 

Mode of 
failure Pu 

(kN) 
u 

(mm) 
Py 

(kN) 
y 

(mm) 

RE-0 61.08 14.78 - - - Shear 

RE-20 57.18 28.52 45.08 10.02 
2.85 Flexure-

shear 
RE-32 43.68 34.65 40.38 18.25 1.90 Flexure 

RE-50 55.38 25.68 54.98 23.17 1.11 Flexure 

RE-100 113.05 19.09 72.07 8.22 2.32 Flexure 

OV-25 73.47 14.70 69.87 10.02 1.47 Shear 

OV-25a 77.97 14.42 76.07 11.16 1.29 Shear 

OV-50 77.97 9.44 - - - Shear 

OV-50a 95.06 17.76 80.97 8.09 2.20 Shear 
where: 
Pu = ultimate load 
Py = load at yielding of the longitudinal steel 
y = mid-span deflection at yielding of the longitudinal steel 
u = mid-span deflection at ultimate load 
d = ductility index for deflection, given by the ratio u/y 

 
4.2. OV Series 
4.2.1. Ultimate strength and failure modes 
 
As mentioned earlier, the OV series consisted of four slabs with similar cross-sectional 
dimensions as the RE series. The only difference is the additional UHPC overlays that 
strengthened the tension zone (see Fig. 2). Fig. 12 shows the final crack patterns and modes of 
failure exhibited for each slab in the OV series. Their ultimate failure loads are summarised in 
Table 4. 
 
Regardless of the UHPC overlay thickness, all the strengthened slabs failed in shear in the NSC. 
Through all the loading stages, there were no apparent signs of distress or extensive cracking 
in the slabs. The UHPC overlay actually helped delay the development of diagonal shear cracks. 
Often, once a diagonal shear crack formed, ultimate failure prevailed. In some cases, the 
composite interface between the UHPC and NSC suffered debonding failure, as clearly 
indicated in Fig. 12. 
 
Based on our observations, it appears that the thickness of the UHPC overlay did not 
significantly influence the ultimate strength and failure modes the slabs underwent. Slabs OV-
25 and OV-50 both failed in comparatively similar ways at ultimate loads of 73.57 kN and 
77.97 kN, respectively, only a 6% marginal difference. This is mainly because ultimate failure 
in both slabs was controlled by debonding failure at the composite interface. Despite that failure, 
the ultimate strengths of both slabs were about 24% higher than that of RE-0. It must also be 
noted that the tendency for fracture failure in the UHPC layer was higher with thicker overlays, 
as found in slabs OV-50 and OV-50a.  
 
The experimental results showed that the presence of longitudinal steel bars within the UHPC 
layer increased the ultimate strength of the slab as long as sufficient cover was provided for 
effective bond development. For example, slab OV-50a achieved an ultimate load of 95.06 kN, 
an increase of 55.6% over that of slab RE-0. On the other hand, the strength of slab OV-25a 



 

24 
 

was only 6% greater than that of OV-25. This was likely due to the longitudinal reinforcement 
being placed adjacent to the composite interface, likely similar to slab RE-32 (illustrated in Fig. 
10), which had a weak bond interface that did not encourage full bond development with the 
longitudinal reinforcement. 
 

 
Figure 12: Failure modes and crack patterns of OV series. 

 
4.2.2. Mid-span deflection responses 
 
The load versus mid-span deflection curves of the slabs in OV series are shown in Fig. 13. 
Similar to the RE series, these deflection curves were based on the average response of the two 
LVDTs installed underneath the slab soffits at mid-span. 
 

 
Figure 13: Load versus mid-span deflection curves of OV series. 
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Obviously, with UHPC overlays at the tension zone, the overall stiffness of the strengthened 
slabs improved significantly compared with reference slab RE-0. Extensive deflection 
hardening and ductility during the post cracking phase was seen in all strengthened slabs as 
well. As illustrated in Table 4, all the slabs, except OV-50, had ductility indices over 1.0. Slab 
OV-50a had the highest ductility index (2.20) in this series. Despite such behaviour, however, 
all the slabs were found to fail in diagonal shear in the NSC. It should be noted that no ductility 
index value was obtained for slab OV-50 mainly because its longitudinal reinforcement did not 
yield.  
 
The thickness of the UHPC overlay greatly influenced the stiffness of the slabs. It was found 
that thicker UHPC layers lead to increased stiffness, as observed in slabs OV-25 and OV-50. 
Slab OV-50a, with its reinforced UHPC layer did not seem to differ from slab OV-50 in initial 
stiffness. However, the reinforcing bars in the UHPC layer helped to further extend the ultimate 
resistance capacity of the slab and led to smaller deflection when the longitudinal reinforcement 
yielded (refer to Table 4). Another important observation is that, similar to the findings of Habel 
et al. [27], the minimum thickness of the UHPC layer is limited by the size of the reinforcing 
bars and the UHPC cover over them, so that effective force transfer between the reinforcing 
bars and UHPC can be developed. 
 
4.2.3. Longitudinal steel strain responses 
 
Load versus longitudinal steel strain for the slabs in the OV series is plotted in Fig. 14. The 
strain curves were based on the average values of the two strain gauges. The curves are labelled 
as C1 and U1 based on their locations. The C1 strain curve was obtained from gauges cc1 and 
cc2 (see Fig. 1(e)) installed at the T12 mm longitudinal steel bars, similar to the RE series. The 
U1 strain curve came from gauges uu1 and uu2 (see Fig. 1(f)) installed at the T10 mm 
longitudinal steel bars in the UHPC layer. There is also a vertical line in Fig. 14 showing the 
yield strain of the longitudinal steel in the NSC, y = 2446.8 . 
 
The effect of UHPC thickness on longitudinal steel strain is illustrated in Fig. 14(a). It shows 
that thicker UHPC overlays decreased the strain experienced by the longitudinal steel 
reinforcement in the NSC. The UHPC overlays increased the flexural depth of the section and 
therefore reduced the tension action acting on the longitudinal steel reinforcement. This lowered 
the strains in the longitudinal steel reinforcement. The longitudinal steel strains of slab OV-25 
exhibited very ductile behaviour with extensive yielding. When the thickness of the UHPC 
overlay was increased, as in slab OV-50, the slab experienced less steel strain with no yielding. 
 
Interestingly, the addition of longitudinal steel bars in the UHPC layer did not appear to increase 
the overall stiffness of the slabs. Fig. 14(b) shows that the strain curve C1 for slab OV-25a 
follows a strongly similar trend to that of slab OV-25 before reaching yield. Slabs OV-50 and 
OV-50a behaved similarly as shown in Fig. 14(c). It should be noted that strain curve C1 for 
slab OV-25a did not exhibit extensive ductility after yielding like slab OV-25. This is partially 
due to the additional tensile resistance provided by the longitudinal steel bars in the UHPC layer. 
Neither curve for slab OV-25a reached yield. On the other hand, in slab OV-50a, because better 
effective force transfer between the rebar and the UHPC could be developed, both strain curves 
were able to exceed their full yield capacity. 
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Figure 14: Load versus longitudinal steel strain curves of OV series. 
 
5. Conclusions 
 
The following conclusions could be drawn from the results of experiments on RC slabs 
strengthened with UHPC in the tensile zone (composite UHPC-concrete slabs) presented in this 
study: 
 

(1) In the RE series, the UHPC strengthening configuration greatly affects the failure modes 
and crack patterns of the composite UHPC-concrete slabs. It showed that as thickness of 

0

20

40

60

80

100

0 2000 4000 6000 8000

L
oa

d
 (

kN
)

Microstrain (µɛ)

RE-0 (C1)

OV-25 (C1)

OV-50 (C1)

Yield strain,
y = 2446.8 ε

0

20

40

60

80

100

0 2000 4000 6000 8000

L
oa

d
 (

kN
)

Microstrain (µɛ)

RE-0 (C1)

OV-25 (C1)

OV-25a (C1)

OV-25a (U1)

Yield strain,
y = 2446.8 ε

0

20

40

60

80

100

0 2000 4000 6000 8000

L
oa

d
 (

kN
)

Microstrain (µɛ)

RE-0 (C1)

OV-50 (C1)

OV-50a (C1)

OV-50a (U1)

Yield strain,
y = 2446.8 ε

(a) Steel strain curves for slabs OV-25 and OV-50 

(b) Steel strain curves for slab OV-25a 

(c) Steel strain curves for slab OV-50a 



 

27 
 

UHPC layer increases, the failure mode changes from brittle diagonal shear failure to 
ductile flexure failure. Although no improvement in the ultimate strength was observed, 
all strengthened slabs exhibited excellent energy absorption capacity with extensive 
deflection hardening and ductility.  
 

(2) In the OV series, all slabs strengthened with UHPC overlays at their soffits failed in 
shear. The slabs showed diagonal shear cracks in the NSC followed by debonding at the 
UHPC-concrete interface. The results indicated that the UHPC overlay improves the 
overall stiffness of the slabs and delays the development of shear cracks. With addition 
of reinforcing rebar in the UHPC layer, further enhancement could be observed in the 
ultimate strength. However, sufficient concrete cover is required to ensure effective full 
bond development. 
 

(3) The results from this research were very promising and demonstrated the potential of 
UHPC as an excellent strengthening material for structural application.  
 

Further research in this area is certainly needed. This study demonstrated that the bond interface 
between UHPC and original RC slabs is very critical. Therefore, a new analytical model that 
could reflect the actual bond interface behaviour needs to be proposed. This proposed model 
must accurately predict the resistance of the composite UHPC-concrete members. The 
development of such an analytical model will greatly assist in the design and advanced sectional 
analysis of the composite section, which would further encourage the acceptance of UHPC as 
a suitable strengthening material for deficient RC structures. 
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Finite element modelling to predict the flexural behaviour of ultra-high performance 
concrete members 
 
Abstract 
 
This paper presents a finite element (FE) modelling to predict the behaviour of ultra-high 
performance concrete (UHPC) members under static flexural loading. A plasticity-based 
constitutive model for concrete and an implicit solver in LS-DYNA were adopted in the 
numerical simulation. Experimental data for 21 UHPC specimens tested in the present study 
and in previous works were used to calibrate and validate the proposed FE model and modelling 
technique. The simulation was able to accurately predict the experimentally obtained ultimate 
strength, stiffness, and hardening and softening behaviours of the specimens. This demonstrates 
the effectiveness and adequacy of the developed FE model and modelling technique. 
  
Keywords: Ultra-high performance concrete (UHPC); Steel fibres; Implicit analysis; LS-
DYNA; Finite element model; Stiffness; Flexural response.  
 
1. Introduction 
 
Ultra-high performance concrete (UHPC) is a relatively new construction material with 
properties superior to those of conventional concrete. Its high strength, very low permeability, 
strain hardening behaviour, and energy absorption make this material exceptionally resistant 
against severe loading and environmental actions. Because of its excellent properties, UHPC is 
also attractive for use in protective structures and megastructures with slim and aesthetic 
designs. Over the last two decades, many studies have been conducted on the properties of 
UHPC after it was first developed by Richard and Cheyrezy [1]. These studies have mainly 
focused on the effects of the characteristics of the added steel fibres, such as their type [2], 
length [2–4], quantity [3–5], and distribution [6,7], on the properties of the UHPC.  
 
To date, UHPC structural members have been experimentally investigated through static, 
impact, and blast loading tests. Tests on reinforced UHPC members under static loading have 
shown that longitudinal rebar and sufficient steel fibres can effectively control the crack width 
and enhance ductility [7–12]. Studies on the drop-weight impact testing [13–15] and blast 
testing [16–19] of UHPC members have proven that the use of UHPC for structural elements 
is efficient and effective against dynamic loading because of the enhancement of the cracking 
response and strain hardening of UHPC relative to conventional concrete.  
 
Although the great potential of UHPC for structural applications has been demonstrated, few 
studies on finite element (FE) modelling to predict the flexural behaviour of the UHPC have 
been carried out [20,21]. A reliable numerical model would enable the effective enhancement 
of the structural performance and reductions in costs, testing and production time, and the 
required number of test specimens. Several types of commercial FE simulation software, such 
as LS-DYNA [22], are available with plasticity constitutive models for conventional concrete. 
The concrete damage model MAT_72R3 [23] in LS-DYNA has been commonly used to predict 
the behaviour of conventional concrete members [24–26]. However, the properties of UHPC 
are significantly different from those of conventional concrete. The parameters of the 
constitutive model for UHPC should therefore be defined according to the actual characteristics 
of UHPC.  
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Mao et al. [27] modified the concrete model parameters to model UHPC. The model was used 
to simulate the blast behaviour of four panels composed of UHPC containing short steel fibres 
of 13 mm in length and a mixture of fibres of 13 and 25 mm in length. Mao et al. [27] were able 
to accurately predict the response and failure mode using the FE model. Magallanes et al. [21] 
studied the feasibility of using MAT_72R3 to model UHPC under static and blast loading. They 
considered influential parameters related to the strain softening and tensile fracture energy 
characteristics through explicit analysis; however, the model showed only fair accuracy. Singh 
et al. [20] modelled the flexural behaviour of UHPC beams containing hooked-end steel fibres 
of 35 mm in length. They experimentally validated their numerical model; however, their study 
only considered very limited test data.  
 
As demonstrated by the above discussion, investigations on the application of FE analysis to 
UHPC behaviour have been very limited. Furthermore, the effect of the steel fibre length has 
not been yet clearly considered in existing FE models. Although models for static and dynamic 
analysis have been established using an explicit solver [24,27], an implicit solver that is 
generally suitable for static simulations (e.g. one that allows the setting of larger time steps in 
the implicit analysis than in the explicit analysis) has not yet been employed to analyse UHPC 
members. 
 
The aim of this study was to develop an accurate FE model and a corresponding modelling 
technique for the prediction of the flexural behaviour of UHPC members under static loading. 
The concrete damage model MAT_72R3 and an implicit solver in LS-DYNA software were 
used for the numerical simulation. To calibrate and validate the proposed FE model and 
modelling technique, the authors prepared UHPC mixtures and conducted static experiments 
on UHPC flexural members. The calibration of the concrete damage model, including stiffness 
correction and parameter determination, was carried out. Furthermore, validation was 
conducted using 18 additional numerical models of UHPC specimens tested by other 
researchers to investigate the effectiveness of the present FE model.  
 
2. UHPC experiments 
2.1. Overview 
 
Section 2 describes the procedure and results of the experiments conducted in the present study. 
Several trials were conducted to investigate the material properties of UHPC and to use it to 
construct flexural members. The detailed mixing procedure and observations regarding the 
effect of the steel fibre contents added to the UHPC are presented. The flexural members made 
from the developed UHPC were used to calibrate and validate the FE model and modelling 
technique described in Sections 4 and 5.  
 
All experimental results for specimens in Section 2 are original data obtained in this study, 
except for two of those described later in this section, namely 3-PL-3% and R-UHPC, which 
have been previously reported by the authors (Yin et al. [28]).  
 
2.2. Material properties of UHPC 
2.2.1. Mixing procedure 
 
UHPC mixtures typically have several constituents, most of which are very fine particles. The 
UHPC mixtures used in this study were composed of Portland cement, silica fume, quartz 
powder, quartz sand, river sand, steel fibres, a superplasticizer admixture, and water. Detailed 
descriptions of the UHPC constituents and their properties are given in Table 1. The fine 
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particles can easily accumulate into chunks during the mixing process. To reduce the formation 
of chunks, all particles should be dry. The simple UHPC mixing procedure used in this study is 
illustrated in Fig. 1. Generally, the completion of each mixture took approximately 20 min. 
 

Table 1: Properties of UHPC constituents. 

 C SF QP QS RS Steel fibres† SP 

Specific gravity 3.15 3.15 2.76 2.71 2.67 7.83 1.08 

C: Ordinary Portland cement Type I 
SF: Silica fume, bulk density of 204.4 kg/m3 
QP: Quartz powder, minimum of 97% passage through 325-mesh sieve 
QS: Quartz sand, P100/300 minimum of 80% retained 
RS: River sand, 0.3–0.8 mm in diameter 
SP: Superplasticizer (Sika ViscoCrete 2044) 
†Straight, smooth steel fibres of 13 mm in length and 0.2 mm in diameter 

 
 

 
 

Figure 1: UHPC mixing procedure. 
 
2.2.2. UHPC mixtures without steel fibres 
 
Table 2 gives the compositions of different UHPC mixtures without steel fibres. Mixtures with 
several proportions were prepared to attain a target compressive strength of cubic or cylindrical 
samples of 150 MPa or greater. Three 100-mm standard cubes and three 100 mm  200 mm 
standard cylinders were used for the compressive strength testing of each mixture. The samples 
were treated by conventional water curing in the laboratory. The average compressive strengths 
of cubic and cylindrical samples made from each UHPC mixture at day 28 are also given in 
Table 2. Among all the mixtures, the TM-11 mixture offered the most promising results with 
average strengths of 157 and 125 MPa achieved for the cubes and cylinders, respectively. TM-
11 was thus selected to investigate the effect of steel fibres on the flexural strength, as described 
in Section 2.2.3, and was then used to make the UHPC flexural members in Section 2.3.  
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Table 2: Composition and compressive strength of UHPC without steel fibres. 

Mixture 
Proportion by weight normalized by cement weight Compressive strength (MPa) 

C SF QP QS RS SP W W/B Cube Cylinder 

TM-01 1.00 0.25 0.25 1.10 - 0.04 0.20 0.16 150.64 86.15 

TM-02 1.00 0.25 - 1.10 - 0.04 0.20 0.16 129.60 68.03 

TM-03 1.00 0.25 - - 1.10 0.03 0.20 0.16 121.25 74.18 

TM-04 1.00 0.25 0.15 - 1.10 0.03 0.20 0.16 130.10 82.44 

TM-05 1.00 0.25 0.25 - 1.10 0.03 0.20 0.16 133.30 78.96 

TM-06 1.00 0.25 0.15 0.40 0.80 0.03 0.20 0.16 149.75 80.31 

TM-07 1.00 0.25 0.25 0.40 0.80 0.03 0.20 0.16 153.10 97.18 

TM-08 1.00 0.25 0.25 0.80 0.40 0.03 0.20 0.16 131.80 78.77 

TM-09 1.00 0.25 0.25 0.60 1.00 0.04 0.20 0.16 126.13 92.16 

TM-10 1.00 0.25 0.25 0.54 0.90 0.04 0.20 0.16 139.67 108.52 

TM-11 1.00 0.25 0.25 0.48 0.80 0.04 0.20 0.16 156.87 125.30 

TM-12 1.00 0.25 0.25 0.42 0.70 0.04 0.20 0.16 142.40 119.07 

W: Water 
W/B: Water-to-binder ratio, where binder is composed of cement and silica fume 

 
2.2.3. Mechanical properties of UHPC with steel fibres 
 
To investigate the flexural strength, prismatic specimens with a length of 500 mm and cross-
sectional dimensions of 100 mm  100 mm were prepared. Three-point flexural tests were 
conducted according to the standard BS EN 12390-5:2009 [29]. The test setup of the UHPC 
specimen is shown in Fig. 2(a).  
 

 
 
 

Figure 2: Three-point bending specimen setup and crack pattern results. 
 
As previously mentioned, the effect of steel fibres on the flexural strength of UHPC was studied 
by adding different amounts of steel fibres to the TM-11 mixture (Table 2). Three volume 
fractions of steel fibres (1, 2, and 3 vol%) were considered. They are accordingly listed as 
mixtures UHPC-1, UHPC-2, and UHPC-3 in Table 3. The UHPC with no steel fibres (0 vol% 
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or UHPC-0) was also provided. Three specimens were prepared for each volume fraction. The 
specimen using UHPC-3 is referred to as 3-PL-3%. Fig. 2(b) shows examples of the crack 
patterns observed after the tests. The experimentally obtained load–deflection curves for the 
specimens made from the UHPC-0, UHPC-1, UHPC-2, and UHPC-3 are presented in Fig. 3. 
As shown in Fig. 3, increasing the steel fibre content resulted in larger peak loads in the load–
deflection curves. Because of the bridging mechanism of steel fibres, the UHPC specimens 
showed excellent performance in comparison with the UHPC without fibres. The flexural 
strength σf under three-point bending was calculated following BS EN 12390-5-2009 [29] as 
 

2

3

2
u

f

P L

bh
             (1) 

 
where Pu is the maximum load, L = 400 mm is the distance between the supports, b = 100 mm 
is the width of the specimen, and h = 100 mm is the height of the specimen.  
 

Table 3: Mechanical properties of UHPC with different steel fibre contents. 

Mixture Volume fraction of steel fibres (vol%) Flexural strength (MPa) 
Compressive strength (MPa) 

Cube Cylinder 

UHPC-0 
(TM-11) 

0 16.65 156.87 125.30 

UHPC-1 1 19.53 155.70 119.83 

UHPC-2 2 20.75 151.27 145.27 

UHPC-3 3 27.37 157.60 138.80 

 

  

   
 

Figure 3: Load–deflection curves obtained from flexural tests. 
 
The average flexural strengths of the specimens with different steel fibre volume fractions are 
listed in Table 3. The flexural strength is plotted against the volume fraction of steel fibres in 
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Fig. 4. Kang et al. [5] have reported that the flexural strength is linearly dependent on the 
volume fraction of steel fibres; the results plotted in Fig. 4 showed this same linear dependence 
with a high reliability (R2 = 0.9034).  
 

 
Figure 4: Flexural strength influenced by steel fibre contents. 

 
Additionally, compression tests were conducted using cubic and cylindrical samples. It is 
known that the steel fibres enhance crack bridging and improve the strength of UHPC. 
According to Fehling et al. [30], the compressive and tensile strengths increased by 
approximately 15% and 50%, respectively, with the addition of fibres. The average compressive 
strengths of the samples with different steel fibre volume fractions are listed in Table 3. From 
Table 3, the results showed that, similar to the findings in the literature (Hoang and Fehling 
[31]; Alsalman et al. [32]), the compressive strength associated with the different volume 
fractions of steel fibres does not significantly increase in comparison to UHPC without steel 
fibres. Fig. 5 shows typical crack configurations obtained after compression tests. The UHPC 
without steel fibres demonstrated very brittle and explosive behaviour under compression. 
When the steel fibres were added, the UHPC showed some post-crack load-carrying capacity, 
as shown in Fig. 5. 
 

            
 
 
 

Figure 5: Typical crack patterns obtained after UHPC compression tests. 
 
2.3. Experiments on UHPC flexural members 
2.3.1. Specimens and instrumentation  
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Details of the specimen arrangement and instrumentation for the experiments on the flexural 
members are depicted in Fig. 6. The experiments were conducted using simply supported 
UHPC specimens. Two specimens of 1600 mm in length, 300 mm in width, and 100 mm in 
height were prepared. The first, called NR-UHPC, was constructed only with UHPC through 
its entire length without longitudinal rebar, and the other, called R-UHPC, was reinforced with 
five high-tensile steel bars of 12 mm in diameter at the top and bottom as longitudinal rebar, as 
shown in Fig. 6. The yielding and ultimate strengths of the longitudinal rebar were obtained 
experimentally as fy = 501.65 MPa and fu = 564.68 MPa, respectively. UHPC-3 in Table 3 was 
used for the flexural members. Additionally, four 100-mm cubes and four cylinders of 100 mm 
in diameter and 200 mm in height were prepared for compressive strength measurements. The 
average compressive strengths of the cubes and cylinders were 169 and 153 MPa, respectively. 
The load cell device was used to record the load, and two linear variable differential transducers 
(LVDTs) were installed on each flexural member at midspan to measure the vertical deflection. 
The load–deflection curves were then plotted based on the average of the recordings from the 
two LVDTs.  
 

 
 

Figure 6: Experimental setup, instrumentation, and detailed configurations of UHPC flexural 
members. 

 
2.3.2. Experimental results of flexural members  
 
The load–deflection curves for the flexural members are shown in Fig. 7. NR-UHPC and R-
UHPC exhibited ductile behaviour. In addition, with longitudinal rebar, R-UHPC attained an 
ultimate load of 113 kN, which was 172% greater than that of NR-UHPC.  
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Figure 7: Experimentally obtained load–deflection curves for flexural members. 

 
Fig. 8 illustrates the configurations of the mechanical failures of NR-UHPC and R-UHPC, 
which failed in rupture and flexural modes, respectively. In NR-UHPC, the UHPC experienced 
complete fracture, as shown in Fig. 8(a), because of the lack of longitudinal rebar, which 
resulted in the member being unable to support its own weight at the ultimate load. In contrast, 
R-UHPC featured a substantial flexural failure with only a single crack pattern at midspan, as 
shown in Fig. 8(b), as a result of the addition of longitudinal rebar.  
 

   
 
 

Figure 8: Final crack patterns of flexural members. 
 
3. Numerical simulation 
3.1. FE modelling and conditions 
 
In this study, LS-DYNA (version R8.0) [22] was used to simulate the overall behaviour of 
UHPC flexural specimens. UHPC was modelled using an eight-node constant-stress solid 
element. A 10-mm mesh was used unless otherwise indicated. For longitudinal rebar, a two-
node beam element was used. A perfect bond was assumed between the longitudinal rebar and 
the UHPC. The implicit time integration algorithm, which is suitable for static analysis, was 
used to numerically solve the iterative equations. Default convergence tolerances such as 
displacement convergence tolerance (= 0.001), energy convergence tolerance (= 0.01), and 
absolute convergence tolerance (= 10–10) were used in the numerical solutions. A geometric 
nonlinearity for large displacement range was considered. A loading rate of 2  10–5 m/s was 
adopted. A detailed discussion of the loading rate effect is presented in Section 4.3. Because 
the experiments used to validate the FE model were performed under static conditions, the 
dynamic increase factor (DIF) was not considered, except in the case discussed in Section 4.3. 
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Loading and support boundaries were modelled to represent the actual experimental conditions. 
Three node sets were created for the loading point and the two supports. The loading was 
applied directly to the node set, and displacement-controlled loading was used. For the left and 
right supports, the node sets were restricted in all translational directions and released in the 
horizontal direction with respect to the longitudinal axis of the specimen, respectively. All 
nodes for the supports were set to be free in each rotational direction. 
 
3.2. Material model for UHPC 
3.2.1. Concrete damage model 
 
In this study, the concrete damage model MAT_72R3 in LS-DYNA was used in the FE analysis 
to simulate the UHPC behaviour. This concrete model, also known as the Karagozian & Case 
(K&C) concrete model, was first developed for DYNA3D [33] and is currently available in LS-
DYNA as material type 72R3. The model uses three independent strength surfaces: an initial 
yield surface, a maximum failure surface, and a residual surface. The function of each of these 
strength surfaces can be expressed as [34] 
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         (2) 

 
where p is the pressure; Fi is the ith failure surface; and a0i, a1i, and a2i are parameters defining 
the three-parameter failure surfaces.  
 
For strain hardening and softening, the plasticity surface was obtained as the interpolation 
between the initial yield and maximum failure surfaces and that between the maximum and 
residual surfaces, respectively. The plasticity surface interpolation was accomplished by 
internally scaling the softening and hardening of the variable η, called the yield scale factor, 
which is determined by a damage function λ. The value of η varies from 0 to 1 depending on 
the accumulated effective plastic strain measure λ, which is defined as [34] 
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where λL ≤ λ ≤ λU; and ηU and ηL are points corresponding to λU and λL, respectively, in the (λ, 
η) input pairs. Here, λ is given as 
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where εpഥ  is the effective plastic strain; b1 and b2 are the damage parameters for the concrete 
hardening and softening behaviour, respectively; ft is the quasi-static concrete tensile strength; 
and  r is the scale factor of the strain rate effects. This scale factor is defined as 
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where fc,new is the compressive strength to be modelled and fc,old is the unconfined compressive 
strength. From this, the coefficients of the new material failure surfaces are given by a0,new = 
a0r, a1,new = a1, and a2,new = a2/r. Further details of the model parameters can be found in the 
existing literature [23,33,34]. 
 
It should be noted that this concrete model in LS-DYNA was employed in two simulation 
methods. The first is a simple method using automatic parameter generation that requires only 
the concrete compressive strength fc as an input. The other parameters are calculated as 
functions of fc. The second method requires detailed input parameters describing the concrete 
properties. The second method may pose the difficulty of requiring a variety of data obtained 
from laboratory tests as model inputs. Thus, the first method has been used by many researchers 
to investigate the concrete performance [24–27,35]. In this study, a combination of the first and 
second methods was adopted. The first method was preliminarily conducted to obtain all of the 
parameters required in the second method. Then, the second method was used to modify the 
equation of state (EOS). A further description of the combined method is given in Section 4.4. 
 
3.2.2. EOS 
 
An EOS of the tabulated compaction (EOS_8) was employed in the concrete damage model in 
LS-DYNA. With this EOS, which can capture volumetric hardening, the concrete damage 
model becomes simple and flexible for use in calibrating the model for UHPC [21,34,36]. 
EOS_8 is given as a relationship between the pressure P and volumetric strain v as [22] 
 

( ) ( )v vP C T E              (6) 

 
where v is the volumetric strain given by the natural logarithm, C and T are coefficients that 
are functions v, γ is the ratio of specific heats, and E is the internal energy. Fig. 9 shows the 
pressure–volumetric strain curve given by EOS_8. The bulk unloading modulus is a function 
of the volumetric strain. Uploading occurred along the uploading bulk modulus up to the cut-
off pressure. Reloading followed the unloading path to the point where uploading began and 
continued on the loading path. The use of EOS_8 in this study is described in Section 4.4. 
 

 
 

Figure 9: Pressure–volumetric strain curve given by EOS_8 [22]. 
 
3.3. Material model for longitudinal rebar  
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Material model type 3 (MAT_03) in LS-DYNA, which is an elastic–plastic model with 
kinematic and isotropic hardening, was used to model the longitudinal rebar in this study. A 
Young’s modulus of 200 GPa was adopted for this material. The slope of the bilinear stress–
strain curves (tangent modulus) was assumed to be zero, representing perfectly constant stress 
after yielding. The reliability of this model has been demonstrated in previous works [22,26].  
 
4. Calibration of concrete damage model for UHPC 
4.1. Overview 
 
Section 4 focuses on a model calibration technique through the investigation of mesh size 
sensitivity and the concrete damage model. The use of an EOS and the determination of the 
concrete damage model parameters are described. Additionally, a study of the strain rate effect 
on a single mesh element is presented for reference.  
 
4.2. Mesh size 
 
The effect of the mesh size on the behaviour of a single concrete element has been investigated 
through explicit analysis in previous studies [26,37]. When an inappropriate mesh size is 
defined, problems with convergence in solving nonlinear equations may arise and cause the FE 
analysis to terminate prematurely. In this study, compressive and tensile simulations were 
conducted on an eight-node cubic element with a varying size using implicit analysis. Identical 
boundary conditions were applied to the model for all cases, and displacement-controlled static 
loading was applied. A compressive strength of fc = 153 MPa was used as an input, and other 
parameters, such as the tensile strength ft, softening parameter b2, and localised crack width wc, 
and the EOS were automatically generated using automatic parameter generation with 
MAT_72R3 in LS-DYNA. The setup of a unit element model is depicted in Fig. 10. Four nodes 
of an element face were constrained as supports, and the other four nodes were used for the 
applied load. The results of the single element analysis are shown in Fig. 11, and the stress–
strain curves with mesh sizes of 5, 10, and 20 mm size were very similar. With mesh size of 30 
mm, the strain softening was accelerated to maintain constant fracture energy [26,34,37]. 
Therefore, the mesh size from 5 through 20 mm should be used in the numerical simulation. 
 
 

 
 

 
 

 
 

Figure 10: Single-element model setup for compression and tension. 
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Figure 11: Stress–strain curves of single elements with various mesh sizes. 
 
4.3. Strain rate effect  
 
The DIF is commonly used to enhance the strength through the strain rate effect [38]. Even 
though no DIF was employed in this study because the experiments used to validate the FE 
model were performed under static conditions, the effect of the DIF on the single elements was 
investigated using implicit analysis for reference. The FE simulation model was the same as 
that described in Section 4.2 (mesh size of 10 mm).  
 
Figs. 12 and 13 show the strain rate effect for the single-element model under various loading 
rates with and without the DIF taken into consideration, respectively. For comparison, a loading 
rate applied in the flexural tests (Section 2.2.3) was also used in the simulation. When the DIF 
was not considered (Fig. 13), the stress–strain response was independent of the load rate. When 
the DIF was considered (Fig. 12), the ultimate stress increased as the load rate increased. As 
shown in Fig. 12, the stress–strain curve using a loading rate of 2  10–5 m/s was in good 
agreement with the experimental loading rate of 3.7  10–6 m/s. Based on this element analysis, 
a simulated load rate of 2  10–5 m/s was used in this study.  
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Note: (*): loading rate used in flexural tests (Section 2.2.3). 

 
Figure 12: Stress–strain curves of single elements under various loading rates with DIF taken 

into consideration. 
 

 
Note: (*): loading rate used in flexural tests (Section 2.2.3). 

 
Figure 13: Stress–strain curves of single elements under various loading rates without DIF 

taken into consideration. 
 
4.4. Stiffness correction by EOS 
 
The Young’s modulus Ec for the concrete damage model is calculated based on the properties 
of conventional concrete. According to Crawford et al. [23], the empirical equation Ec = 
4700fc0.5, where fc is the compressive strength in megapascals, is used to determine the 
Young’s modulus for the model. For the Young’s modulus Eu of UHPC, Graybeal [39] has 
proposed a similar equation relating Eu to fc as Eu = 3800fc0.5. From these two equations, at a 
given fc value, Ec is greater than Eu. Therefore, to simulate UHPC using the concrete damage 
model, the Young’s modulus should be modified appropriately to reflect its stiffness.  
 
In this study, the initial stiffness of the UHPC was adjusted using the pressure and bulk modulus 
in the EOS to reflect the modification of Young’s modulus Eu. The pressure p calculated from 
the EOS is given as  
 

e
vp K            (7) 
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where K is the loading or unloading bulk modulus and εv
e is the elastic volumetric strain.  

 
This modification was based on a preliminary analysis using automatic parameter generation to 
obtain the material properties of MAT_72R3 and the details of the EOS from a message output 
file generated by LS-DYNA. The generated outputs were then manually keyed in as the inputs 
for the detailed parameter method to apply the UHPC stiffness correction to the EOS. The FE 
simulation in this section was prepared using a mesh size of 10 mm, a concrete compressive 
strength of fc = 139 MPa, a tensile strength of ft = 10 MPa, a softening parameter of b2 = 2, 
and the localised crack width of wc = 25.18 mm.  
 
Fig. 14 shows the simulated load–deflection curves and the experimental curve for 3-PL-3% 
(Section 2.2.3). As shown in Fig. 14, the use of the modified EOS yielded a UHPC initial 
stiffness similar to that in the experimental results. However, the response from the modified 
EOS model did not reach the ultimate load achieved in the experiment. The final stage of model 
calibration was then carried out by further modifying the concrete model parameters, as 
presented in the following section. 
 

 
Figure 14: Simulated load–deflection curves obtained using automatic parameter generation 
and by applying stiffness correction to EOS in comparison to experimental results for 3-PL-

3%. 
 
4.5. Determination of model parameters for UHPC 
4.5.1. Concrete softening parameter 
 
As shown in Eq. (4), the parameters b1 and b2 are employed in the concrete damage model to 
control the concrete hardening and softening behaviour. Previous studies on specimens with 
various steel fibre contents [5,40] and different steel fibre lengths [2,3] have demonstrated that 
the effect of steel fibres is minor when the specimen is under compression but significant under 
tension. In the present investigation of the effects of b1 and b2 in the model developed in this 
study, changes in the compressive parameter b1 did not significantly affect the flexural 
performance of the specimen model whereas changes in the tensile softening parameter b2 
demonstrated a clear effect.  
 
Fig. 15(a) shows load–deflection curves for specimens with different values of b2 obtained 
using the numerical FE model. The corresponding experimental curve for 3-PL-3% is plotted 
for comparison. The ultimate load is plotted against b2 in Fig. 15(b). Except for the value of b2, 
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the FE model parameters were the same as those used in the modified EOS discussed in Section 
4.4. As shown in Fig. 15, the simulated curve for b2 = 6 was initially similar to the 
experimental curve. However, the simulation did not perform well in the softening part of the 
curve. Other parameters were derived to model the softening behaviour, as described in the next 
section.  
 

 
 

Figure 15: Flexural behaviour of three-point bending specimens with different concrete 
softening parameters b2. 

 
4.5.2. Localised crack width parameter 
 
The localised crack width wc was used to eliminate the mesh size dependence in the concrete 
damage model. The tensile fracture energy under the stress–strain curve can be adjusted by 
varying wc. The recommended value of wc is three times the aggregate size for normal-strength 
concrete [22]. For UHPC, steel fibres play a more important role in defining the tensile fracture 
behaviour than do the other fine constituents of UHPC. However, the most appropriate value 
of wc for the FE model of UHPC remains unclear. The effect of wc on the three-point bending 
specimen 3-PL-3% was investigated, and the results are shown in Fig. 16. Except for the value 
of wc, the FE model used in this investigation was the same as that described in Section 4.5.1 
with b2 = 6. As shown in Fig. 16, the flexural strength generally increased as wc decreased. 
The load–deflection curve for the model with wc = 15 mm showed the ultimate load and 
softening behaviour fairly agreed with the experimental curve.  
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Figure 16: Flexural strength of three-point bending specimens with different localised crack 
widths wc. 

 
4.5.3. Concrete tensile strength 
 

The effect of the tensile strength ft of the UHPC on the flexural strength of three-point bending 
specimen 3-PL-3% was then investigated. The load–deflection curves shown in Fig. 17 were 
obtained using the model described in Section 4.5.2 with wc = 15 mm and different tensile 
strengths ft. Different ft values can be used to model different steel fibre contents. As shown in 
Fig. 17, varying ft significantly affected the flexural strength. Thus, an appropriate value of ft 
should be used in the simulation.  
 

 
 
Figure 17: Flexural strength of three-point bending specimens with different tensile strengths 

ft. 
 
5. Validation of FE model 
5.1. Database description 
 
The FE model was validated by comparing the simulation results to experimental results 
obtained from a total of 21 specimens that were tested by the authors or selected from previously 
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published papers by other researchers. Details of the geometry and material properties of the 
specimens are summarised in Table 4. Of the 21 specimens, 12 are UHPC specimens without 
longitudinal rebar, and the remaining 9 are reinforced with longitudinal rebar. All specimens 
have rectangular cross sections with various dimensions ranging from model scales to full scale.  
 

Table 4: Details of geometry and material properties of specimens. 

Specimen 
Geometry UHPC Steel fibres Longitudinal rebar 

W  H  L 
(mm  mm  mm) 

a/d 
f'c 

(MPa) 
df 

(mm) 
lf 

(mm) 
fyf 

(MPa) 
Vf 

(%) 
As 

(mm2) 
fy 

(MPa) 
Es 

(GPa) 

3-PL-3%† 100  100  500 2.00 139 0.20 13.0 2300 3.0 - - - 

NR-UHPC† 300  100  1600 6.00 153 0.20 13.0 2300 3.0 - - - 

R-UHPC† 300  100  1600 8.11 153 0.20 13.0 2300 3.0 565.5 501.6 200 

NR-2 [7] 180  270  2900 4.18 197 0.20 13.0 2500 2.0 - - - 

R12-2 [7] 180  270  2900 4.81 191 0.20 13.0 2500 2.0 253.4 445.0 200 

R13-2 [7] 180  270  2900 4.81 192 0.20 13.0 2500 2.0 380.1 445.0 200 

R14-2 [7] 180  270  2900 4.81 196 0.20 13.0 2500 2.0 506.8 445.0 200 

R22-1 [7] 180  270  2900 5.26 191 0.20 13.0 2500 2.0 506.8 445.0 200 

R23-2 [7] 180  270  2900 5.26 196 0.20 13.0 2500 2.0 760.2 445.0 200 

UH-N [11] 200  270  2900 3.89 197 0.20 13.0 2500 2.0 - - - 

UH-0.35% [11] 200  270  2900 4.37 197 0.20 13.0 2500 2.0 265.4 522.7 200 

UH-1.06% [11] 200  270  2900 4.37 197 0.20 13.0 2500 2.0 530.9 522.7 200 

UH-1.71% [11] 200  270  2900 4.72 197 0.20 13.0 2500 2.0 796.4 522.7 200 

3-PL [14] 145  50  600 4.56 130 0.20 10.0 2000 5.5 - - - 

4-PL [14] 145  50  600 3.04 130 0.20 10.0 2000 5.5 - - - 

SS20 [2] 100  100  400 1.00 200 0.20 13.0 2788 2.0 - - - 

LS10SS00 [2] 100  100  400 1.00 200 0.30 30.0 2580 1.0 - - - 

Mixture-1 [41] 150  150  700 1.33 180 0.15 9.0 2300 2.5 - - - 

Mixture-2 [41] 150  150  700 1.33 175 0.15 17.0 2300 1.0 - - - 

Method-A [42] 125  125  1000 2.00 217 0.30 20.0 1250 1.0 - - - 

MF15 [43] 100  100  400 1.00 150 0.12 15.0 4295 2.5 - - - 
†: Tested by present authors 
Geometries: W, H, and L are specimen width, height, and length, respectively, and a/d is ratio of span-to-effective depth. 
UHPC: fc is compressive strength. 
Steel fibres: df, lf, fyf, and Vf are diameter, length, yield strength, and volume fraction, respectively. 
Longitudinal rebar: As, fy, and Es are area, yield strength, and Young’s modulus, respectively. 

 
5.2. FE simulation results 
 
FE simulations were conducted using the method described in Section 3 and with the stiffness 
correction applied to the EOS, as described in Section 4. A set of calibrated parameters was 
used for specimens fabricated with the same UHPC material regardless of their size and 
geometry following the suggestion by Magallanes et al. [21] that a reasonable set of model 
parameters should be used in a particular UHPC dataset. 
 
The concrete model parameters for each UHPC specimen obtained from the model calibration 
using the proposed modelling technique are given in Table 5. The mesh size, number of 
elements, and number of steps employed in the FE model for the three specimen types 
considered in this study, 3-PL-3%, NR-UHPC, and R-UHPC, and for specimens in previous 
studies, are given in the corresponding load–deflection curves shown in Fig. 18(a)–(c), and Figs. 
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20–26, respectively. The following sections compare the results of the FE model against 
experimental results obtained by the authors and other researchers.  
 

Table 5: Summary of FE model parameters and simulation results. 

Authors Specimen 
UHPC model parameters  

Pexp 
(kN) 

Pexp/PFEM Δu,exp/Δu,FEM fc 
(MPa) 

ft 
(MPa) 

b2 
wc 

(mm) 

Present authors 

3-PL-3% 139 10 6 13 45.6** 0.99** 0.70** 

NR-UHPC 153 10 6 13 41.5 1.00 0.97 

R-UHPC 153 10 6 13 113.0 1.06 1.15 

Yang et al. [7] 

NR-2 197 14 6 13 121.7 1.01 1.07 

R12-1 191 14 6 13 154.0 0.92 1.09 

R13-2 192 14 6 13 188.6 1.00 1.27 

R14-2 196 14 6 13 206.8 0.99 1.22 

R22-2 191 14 6 13 189.4 0.94 0.97 

R23-2 196 14 6 13 233.0 0.98 1.16 

Yoo et al. [11] 

UH-N 197 11.4 6 13 138.1 1.09 0.91 

UH-0.53% 197 11.4 6 13 186.5 1.04 1.06 

UH-1.06% 197 11.4 6 13 226.2 0.98 0.95 

UH-1.71% 197 11.4 6 13 249.5 0.93 0.86 

Habel and Gauvreau [14] 
3-PL 130 9 6 25.18* 12.70 0.97 1.07 

4-PL 130 9 6 25.18* 18.86 1.07 1.15 

Kim et al. [2] 
SS20 200 15 6 20 122.2 0.99 0.87 

LS10SS00 200 8 10 15 73.36 0.98 0.86 

Bornemann and Faber [41]  
Mixture-1 180 9.5 4 30 123.4 1.00 0.99 

Mixture-2 175 10 30 13 127.9 0.97 0.79 

Lappa et al. [42] Method-A 217 17 5 25.18* 97.4 0.98 1.27 

Li et al. [43] MF15 150 17 12 35 143.8 1.04 1.12 

 Mean 1.00 1.02 
* Default value defined by LS-DYNA 
** Average of three specimens 

 
5.2.1. Specimens tested by the authors 
 
Fig. 18 shows the simulated and experimental load–deflection curves for the three specimen 
types considered in this study: 3-PL-3%, NR-UHPC, and R-UHPC. A good agreement between 
the simulation and experimental results was observed. The FE model accurately predicted the 
load–deflection curves throughout the whole loading history for all the specimen types. The 
simulated peak loads (PFEM = 46.1, 41.5, and 106.6 kN) were approximately equal to the 
experiments (Pexp = 45.6, 41.5, 113.0 kN for specimens 3-PL-3%, NR-UHPC, and R-UHPC, 
respectively). In addition, the predicted maximum loads occurred at approximately the same 
deflections as in the tests.  
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Figure 18: Experimental and simulated load–deflection curves of specimens tested in present 

study. 
 
Fig. 19 shows a map of the effective plastic strain along the flexural specimen R-UHPC 
obtained from the FE simulation along with a photograph showing the experimental results of 
the final crack pattern of the same specimen. The numerical simulation showed a high effective 
plastic strain at midspan, which roughly agrees with the experimental observation. 
 
 

 

  
 

 
Figure 19: Cracking pattern and effective plastic stain of R-UHPC. 
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5.2.2. Specimens tested by other researchers 
 
The UHPC flexural specimens tested by Yang et al. [7], Yoo et al. [11], Habel and Gauvreau 
[14], Kim et al. [2], Bornemann and Faber [41], Lappa et al. [42], and Li et al. [43] were used 
to validate the developed model. The details of specimens are summarised in Table 4.  
 
Yang et al. [7] studied the effect of longitudinal rebar ratio on the flexural performance of their 
UHPC beams, in which 13-mm steel fibres were used. Because they did not report the yield 
strength of the longitudinal rebar, the previously reported strength of 445 MPa [44] was 
assumed and used in the FE simulation. These beams were considered using the same concrete 
model parameters b2 and wc as in the present study (Table 5). The experimental and numerical 
results for the load–deflection curves are shown in Fig. 20.  
 

 

 
 
Figure 20: Experimental and simulated load–deflection curves of beams tested by Yang et al. 

[7]. 
 
The beam specimens tested by Yoo et al. [11] were similar those tested by Yang et al. [7]. 
Because the UHPC mixtures used in these works were almost identical, the set of concrete 
model parameters used to model the specimens tested by Yoo et al. [11] was chosen to be same 
as that for the specimens tested by Yang et al. [7]. The numerical results for the load–deflection 
curves are shown in Fig. 21. Habel and Gauvreau [14] tested UHPC panel specimens without 
rebar under three- and four-point loading conditions. The load–deflection curves obtained from 
the FE simulation and those obtained from their experiments are shown in Fig. 22.  
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Figure 21: Experimental and simulated load–deflection curves of beams tested by Yoo et al. 

[11]. 
 

 
 

Figure 22: Experimental and simulated load–deflection curves of UHPC panels tested by 
Habel and Gauvreau [14]. 

 
Kim et al. [2], Bornemann and Faber [41], Lappa et al. [42], and Li et al. [43] investigated the 
flexural strength of standard prisms (Table 4). Kim et al. [2] used short (13 mm) and long (30 
mm) steel fibres in two separate specimens (SS20 and LS10SS00). To model the influence of 
the short and long steel fibres on the UHPC, two sets of model parameters were used, as given 
in Table 5. Likewise, for the specimens tested by Bornemann and Faber [41], the experimental 
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results of Mixture-1 (9-mm steel fibres) and Mixture-2 (17-mm steel fibres) showed 
significantly different behaviours. Therefore, different sets of model parameters were adopted 
for each mixture. Figs. 23–26 show the experimental and simulated load–deflection curves for 
the specimens tested by Kim et al. [2], Bornemann and Faber [41], Lappa et al. [42], and Li et 
al. [43], respectively. As shown in Figs. 20–26, the load–deflection curves obtained using the 
FE model and modelling technique developed in this study conformed well to the experimental 
results. 

 
 

Figure 23: Experimental and simulated load–deflection curves of flexural specimens tested by 
Kim et al. [2]. 

 

 
 
Figure 24: Experimental and simulated load-deflection curves of flexural specimens tested by 

Bornemann and Faber [41]. 
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Figure 25: Experimental and simulated load–deflection curves of flexural specimen Method-

A tested by Lappa et al. [42]. 
 

 
Figure 26: Experimental and simulated load–deflection curves of flexural specimen MF15 

tested by Li et al. [43]. 
 
5.2.3. Peak load and deflection ratios 
 
The experimental and numerical peak loads Pexp and PFEM and the corresponding deflections at 
midspan Δu,exp and Δu,FEM were obtained and compared. The experimental-to-numerical peak 
load ratio Pexp/PFEM and the corresponding peak load deflection ratio Δu,exp/Δu,FEM were 
calculated, and the results are given in Table 5. From Table 5, for all of the specimens, Pexp/PFEM 
and Δu,exp/Δu,FEM ranged from 0.92 to 1.09 and from 0.70 to 1.27, respectively. Overall, good 
agreement was obtained between the numerical and experimental results, with mean Pexp/PFEM 
and Δu,exp/Δu,FEM values of 1.00 and 1.02, respectively. Fig. 27(a) and (b) show the numerical 
results plotted against the experimental results for the peak load and the corresponding midspan 
deflection, respectively. As shown in Fig. 27(a), the peak load results showed a very good 
distribution along the target line representing PFEM = Pexp. For the midspan deflection at the 
peak load (Fig. 27(b)), although the results did not lie along the target line representing Δu,FEM 
= Δu,exp, almost all of the data points fell within the Δu,FEM = Δu,exp ± 20% bounds, which 
indicates fair agreement. 
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Figure 27: Simulation results obtained using proposed technique plotted against 
corresponding experimental results. 

 
6. Conclusions 
 
In this study, a finite element modelling for predicting the behaviour of UHPC flexural 
members was developed and validated. The concrete damage material model MAT_72R3, 
which is a plasticity-based concrete model, and an implicit solver in LS-DYNA were used in 
the numerical simulation. The present FE model and modelling technique were developed by 
calibrating the parameters to yield accurate predictions. This calibration included an initial 
stiffness correction through the modification of the EOS and the determination of the influential 
parameters of the concrete damage model; these parameters were found to be the tensile 
softening parameter b2 and the localised crack width wc.  
 
The proposed FE model was validated by applying it to 21 UHPC specimens tested in this study 
and in previous works. Characteristics of the simulated load–deflection curves, including the 
ultimate strength, deflection at peak load, stiffness, and hardening and softening behaviours, 
were found to be in good agreement with those of the experimental curves. Furthermore, the 
influence of the length of the reinforcing steel fibres on the flexural behaviour of specimens 
was successfully predicted by adjusting b2 and wc. Regardless of the size and geometry of the 
specimen, a set of calibrated values of b2 and wc could be effectively employed for specimens 
made from the same UHPC mixture. In addition, the effective plastic strain patterns obtained 
using the numerical model were in good agreement with the cracking patterns observed in the 
experiments. These results demonstrate the effectiveness and adequacy of the developed FE 
model and modelling technique. 
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Chapter IV 
Paper III 

Numerical model for predicting the structural response of composite 
UHPC–concrete members considering the bond strength at the 
interface 
 
 
The content of this Chapter IV has been submitted for consideration for publication as 
follows. 
 
Hor Yin, Kazutaka Shirai, Wee Teo, "Numerical model for predicting the structural 
response of composite UHPC–concrete members considering the bond strength at the 
interface," Composite Structures, (submitted date: 25 April 2018, submitted). 
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Numerical model for predicting the structural response of composite UHPC–concrete 
members considering the bond strength at the interface 
 
Abstract 
 
In this study, an improved finite element (FE) model was developed for the prediction of the 
structural behaviour of reinforced concrete members strengthened with ultrahigh-performance 
concrete (UHPC). A concrete damage model and an implicit solver in LS-DYNA were adopted 
in the numerical simulation. The model was calibrated and validated using experimental data. 
Accurately representing the interfacial bond characteristics of composite UHPC–concrete 
members was the primary challenge in developing the modelling technique. A novel technique 
using equivalent beam elements at the interface between UHPC and normal strength concrete 
(NSC) substrate was proposed for this purpose. The material properties of the equivalent beam 
elements were defined to represent the equivalent bond characteristics of NSC. The developed 
FE model was found to be able to effectively and efficiently predict the structural response of 
composite UHPC–concrete members with good accuracy. 
 
Keywords: Ultrahigh-performance concrete (UHPC); UHPC strengthening; Interfacial bond 
strength; Finite element modelling; LS-DYNA 
 
1. Introduction 
 
Strengthening reinforced concrete (RC) structures with ultrahigh-performance concrete 
(UHPC) is an emerging technique for the design and protection of new or existing structures 
because of the superior mechanical properties of UHPC, including its high strength, low 
permeability, and energy absorption [1]. In addition, UHPC has shown high bond strength and 
good adherence to normal-strength concrete (NSC) substrates [2–4]. Over the past decade, 
several experimental studies on the behaviour of members strengthened with UHPC have been 
conducted. UHPC has been applied to existing RC members through either in-situ casting or 
the use of epoxy adhesive (in the case of prefabricated UHPC layers); after they have been 
strengthened, the members have been shown to achieve enhanced structural performance as 
composite members [4–11].  
 
The interfacial bonding behaviour of composite UHPC–concrete members has been reported 
through experimental investigation [6–8,11]. Local failures such as the de-bonding and/or 
fracture of UHPC in the interface zone can cause the premature failure of composite members 
[7,8]. According to Habel et al. [11], the bond between NSC and UHPC is stronger than the 
tensile strength of NSC at the level of the longitudinal rebar of the RC members. Noshiravani 
and Brühwiler [7] have reported that the structural resistance of composite UHPC–concrete 
members depends on the bonding conditions in the interaction between the three materials in 
tension (longitudinal rebar, UHPC, and NSC). Denarié et al. [6] have shown that the bonding 
mechanism between NSC and UHPC is more efficient in terms of energy dissipation than the 
mechanism in the cracking of RC members. Al-Osta et al. [4] conducted tests and reported that 
no de-bonding was observed but horizontally fine cracks appeared near the interface. Yin et al. 
[8] used UHPC as patch material for repairing deteriorated concrete members. The strengthened 
specimens failed in flexure, and no de-bonding occurred. When they used UHPC overlaid onto 
soffits of RC members, all the specimens failed in shear, and de-bonding was observed after 
the tests. The investigations in these previous studies [4,6–8,11] demonstrate that the strength 
of the bond between NSC and UHPC is a crucial factor in the performance of the composite. 
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Studies on the behaviour of composite UHPC–concrete members using the finite element (FE) 
method, which is an effective tool for numerical simulations, have been very limited in the past 
[4,10,12,13]. Sadouki et al. [12] conducted the two-dimensional (2D) FE modelling of the 
response of the composite UHPC–concrete beams tested by Noshiravani and Brühwiler [7]. 
The simulation results showed good agreement with the experimental results. Lampropoulos et 
al. [13], Al-Osta et al. [4], and Safdar et al. [10] predicted the behaviour of composite UHPC–
concrete members using three-dimensional (3D) FE analysis. In the study by Lampropoulos et 
al. [13], the bond interface was modelled by adopting a friction coefficient of 1.5 and a cohesion 
of 1.9 MPa for a well-roughened substrate, but no experimental data for UHPC–concrete 
members were used to validate their model. The simulation of UHPC–concrete members was 
conducted and compared only to the results for beams strengthened with conventional RC 
layers. Al-Osta et al. [4] and Safdar et al. [10] conducted FE simulations of the behaviour of 
the composite members under the assumption of a perfect bond at the NSC–UHPC interface. 
This simplification might result in the overestimation of the ultimate capacity of the composite 
members. However, none of the above-mentioned studies on the FE method addressed the 
interfacial bond characteristics between NSC and UHPC in FE model or validated the model 
with test data for composite UHPC–concrete members. 
 
The main objective of the present study was to develop a 3D FE model with the bond strength 
between UHPC and NSC taken into account for the prediction of the behaviour of composite 
UHPC–concrete members using the non-linear FE software LS-DYNA [14]. The remainder of 
this paper is organized as follows. First, the experimental data used to validate the FE model, 
which were previously obtained by the present authors [8] and other researchers, are described. 
Second, the FE model and the material models adopted for the non-composite RC and UHPC 
members are presented. Next, the model development process is presented. A concrete damage 
model in LS-DYNA was used for both NSC and UHPC. The non-composite analysis was 
developed in preparation for the analysis of composite members. To model composite UHPC–
concrete members, three analysis cases were simulated and compared. In two of these cases, 
the bond strength was neglected by assuming a perfectly bonded or unbonded interface between 
the NSC and UHPC. The third case is the proposed method, and it employs a novel modelling 
technique using equivalent beam elements at the NSC–UHPC interface to consider the bonding 
characteristics for composite UHPC–concrete members. Finally, the simulation results are 
validated and discussed.  
 
2. Description of specimens 
 
This section briefly describes the experimental specimens used to validate the FE model 
developed in the present study. A total of 17 specimens consisting of non-composite members 
and composite UHPC–concrete members were used.  
 
Nine slab specimens with various composite UHPC–concrete configurations were tested by Yin 
et al. [8] under the three-point loading system shown in Fig. 1(a). Two of them were non-
composite members (Fig. 1(b)); specifically, slabs RE-0 and RE-100 were composed solely of 
NSC and UHPC, respectively. Details of the geometry and material properties of the non-
composite specimens are given in Table 1. The remaining seven specimens were composite 
UHPC–concrete slabs designed to investigate the application of UHPC in the tension zone as 
additional UHPC overlays or as a patch material for rehabilitation of concrete structures (Fig. 
1(c)). At the time the composite specimens were constructed, the NSC surface was roughened 
using a chisel and hammer before the UHPC was cast to create a good bond interface. Details 
of the geometry and material properties of the composite UHPC–concrete specimens are 
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summarised in Table 2. Each slab was 1600 mm long with a clear span of 1200 mm. All slabs 
had five 12-mm-diameter high tensile steel bars at the top and bottom, except for two UHPC-
overlay-strengthened slabs with five additional 10-mm diameter high-tensile-strength steel bars 
in the UHPC layer (slabs OV-25a and OV-50a). No transverse shear reinforcement was 
provided; however, to avoid anchorage failure at the end supports, three 6-mm-diameter mild 
steel links were installed.  
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Figure 1: Detailed geometry of UHPC–concrete specimens [8]. 
 
In addition, for the non-composite members, eight additional numerical models of UHPC 
beams tested by Yang et al. [15] and Yoo et al. [16] were used, as listed in Table 1. It should 
be noted that Yang et al. [15] did not report the yield strength of the longitudinal rebar; therefore, 
the previously reported strength of 445 MPa [17] was assumed in the FE simulation. 

(a) Test setup (OV-50a) 

(c) Cross section of UHPC–concrete composite specimens 

(b) Cross section of non-composite specimens 
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Table 1: Geometric and material details of the non-composite specimens. 

Authors Specimen 
Geometry NSC UHPC Longitudinal rebar 

b 
(mm) 

h 
(mm) 

a/d fc 
(MPa) 

fc 
(MPa) 

As 
(mm2) 

fy 
(MPa) 

Yin et al. [8] 
RE-0 300 100 8.11 23 – 565.5 501.6 

RE-100 300 100 8.11 – 153 565.5 501.6 

Yang et al. [15] 

R12-1 180 270 4.81 – 191 253.4 445.0 

R13C-1 180 270 4.81 – 192 380.1 445.0 

R14-2 180 270 4.81 – 196 506.8 445.0 

R22-2 180 270 5.26 – 191 506.8 445.0 

R23-2 180 270 5.26 – 196 760.2 445.0 

Yoo et al. [16] 

UH-0.53% 200 270 4.37 – 197 265.4 522.7 

UH-1.06% 200 270 4.37 – 197 530.9 522.7 

UH-1.71% 200 270 4.72 – 197 796.4 522.7 

b: Width of specimens 
h: Total height of specimens 
a/d: Span-to-effective depth ratio 
fc: Compressive strength of NSC or UHPC  
As: Area of longitudinal rebar 
fy: Yield strength of longitudinal rebar 

 
Table 2: Geometric and material details of the composite UHPC–concrete specimens. 

Authors Specimen 
Geometry NSC UHPC Longitudinal rebar 

b 
(mm) 

h 
(mm) 

hU 
(mm) 

a 
(mm) 

fc 
(MPa) 

fc 
(MPa) 

As 
(mm2) 

fy,s 
(MPa) 

AsU 
(mm2) 

fy,sU 
(MPa) 

Yin et al. [8] 

RE-20 300 100 20 600 23 153 565.5 501.6 – – 
RE-32 300 100 32 600 23 153 – – 565.5 501.6 
RE-50 300 100 50 600 23 153 – – 565.5 501.6 
OV-25 300 125 25 600 23 153 565.5 501.6 – – 
OV-25a 300 125 25 600 23 153 565.5 501.6 392.7 474.9 
OV-50 300 150 50 600 23 153 565.5 501.6 – – 
OV-50a 300 150 50 600 23 153 565.5 501.6 392.7 474.9 

b: Width of specimens 
h: Total height of specimens 
hU: UHPC thickness 
a: Distance from support to loading point 
fc: Compressive strength of NSC or UHPC  
As: Area of longitudinal rebar in NSC 
fy,s: Yield strength of longitudinal rebar in NSC 
AsU: Area of longitudinal rebar in UHPC 
fy,sU: Yield strength of longitudinal rebar in UHPC 

 
3. Finite element modelling of non-composite members 
3.1. Modelling and conditions 
 
Section 3 describes the modelling method for the non-composite specimens shown in Table 1. 
In the present study, LS-DYNA [14] (version R8.0) was used to simulate the overall response 
of composite UHPC–concrete specimens. A full-scale 3D model was prepared for each 
specimen. NSC and UHPC were modelled using eight-node solid elements. For the longitudinal 
rebar in the specimens, two-node beam elements were used. A perfect bond was assumed 
between the longitudinal rebar and the concrete. A mesh size of 10 mm was used for the slab 
specimens previously tested by the present authors [8], and a mesh size of 20 mm was used for 
the beam specimens tested by Yang et al. [15] and Yoo et al. [16]. These mesh sizes were 
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determined through convergence investigation to ensure the model can yield good predictions. 
The overall configuration of the FE model is shown in Fig. 2. 
 
 
 

 
 
 

Figure 2: Overall FE model (RE-0 or RE-100). 
 
Support boundaries were modelled using simply supported conditions, as in the experiments. 
The nodes of the left support of each specimen were restricted in all translational directions, 
and those of the right support were allowed to move freely in the horizontal direction with 
respect to the longitudinal axis of the specimen. All nodes were free in the rotational directions.  
 
Implicit analysis, which is suitable for static loading conditions, was used to numerically solve 
the iterative equation. A loading rate of 2 105 m/s was adopted for quasi-static loading. The 
load was applied directly to the nodes, and displacement-controlled loading was used. Because 
the experiments used to validate the FE model were performed under static conditions, the strain 
rate effect was not considered. 
 
3.2. Concrete material model 
 
The concrete damage model Mat-72r3 in LS-DYNA was used in the FE analysis to simulate 
the behaviour of both NSC and UHPC in the present study. The reliability of the concrete model 
Mat-72r3 has been previously reported [18,19]. This concrete model, also known as the 
Karagozian & Case (K&C) concrete model, was first developed for DYNA3D [20]. In Release 
III of the K&C model, an automatic input capability was added, and this model is currently 
available in LS-DYNA as material type 72r3. The major advantage of the model is that it 
requires a single parameter, the unconfined compressive concrete strength fc, as an input. The 
remaining parameters are automatically generated using a built-in algorithm and can also be 
modified by the user. A brief overview of the concrete damage model is presented in the 
following sections. 
 
3.2.1. Strength surfaces 
 
The concrete damage model is a plasticity-based constitutive model for concrete using three 
independent strength surfaces: an initial yield surface, a maximum failure surface, and a 
residual surface. The function of each of these strength surfaces can be expressed as [20] 
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          (3) 

 
where p is the pressure; and y, m, and r are the initial yield, maximum failure, and 
residual surfaces, respectively. The eight parameters (a0i, a1i, a2i) define the three-parameter 
failure surfaces. 
 
The failure surface  for the deviatoric stresses, which is based on the second invariant of the 
deviatoric stress, is defined as 
 

23J             (4) 

 
where J2 = (s1

2 + s2
2 + s3

2)/2 is the second invariant of the deviatoric stress; and s1, s2, and s3 are 
the principal deviatoric stresses. 
 
The plasticity surface representing the strain hardening after it reaches the yield surface is 
obtained as the interpolation between the initial yield and maximum failure surfaces, which is 
given by 
 

 m y y                    (5) 

 
Similarly, the post-failure surface for strain softening is defined as the interpolation between 
the maximum failure and residual surfaces as 
 

 m r r                  (6) 

 
The surface interpolation is accomplished by internally scaling the softening and hardening of 
the variable η, called the yield scale factor, which is determined from the damage function λ as 
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where εp is the effective plastic strain, b1 and b2 are the damage parameters for the concrete 
hardening and softening behaviour, respectively, and ft is the quasi-static concrete tensile 
strength. 
 
The value of η varies from 0 to 1 depending on the accumulated effective plastic strain 
parameter λ. A series of (η, λ) pairs was used as inputs in LS-DYNA. As shown in Fig. 3, η 
begins at 0 at λ = 0, increases to 1 at some damage function value λ = λm (maximum), and then 
decreases to 0 at some larger value of λ. When λ ≤ λm, the current surface is obtained as the 
interpolation between the initial yield and maximum failure surfaces. For λ > λm, the surface is 
obtained as the interpolation between the maximum and residual surfaces. 
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Figure 3: Plot of – relationship. 
 
3.2.2. Equation of state 
 
An equation of state (EOS) of the tabulated compaction was employed in the concrete damage 
model. With this EOS, which can capture volumetric hardening, the concrete damage model 
becomes simple and flexible for use in calibrating the model for UHPC [20]. The EOS is given 
as the relationship between the pressure P and volumetric strain v as [14] 
 

( ) ( )v vP C T E              (8) 

 
where v is the volumetric strain given by the natural logarithm, C and T are coefficients that 
are functions of v, γ is the specific heat ratio, and E is the internal energy. 
 
3.2.3. Determination of model parameters 
 
As described in Section 3.2.1, the concrete damage model contains a number of parameters to 
express the concrete behaviour. According to Eqs. (1)–(3), the eight parameters (a0i, a1i, a2i) 
should be determined through unconfined and triaxial compression tests over a range of 
confining pressures [20].  
 
However, in the present study, the model parameters were not defined using the properties of 
actual concrete because of insufficient test data. In Release III of the concrete damage model 
(Mat-72r3 in LS-DYNA), two simulation methods are available. The first is a simple method 
using automatic parameter generation that requires only the concrete compressive strength fc 
as an input and calculates the other parameters as functions of fc. The second method requires 
detailed input parameters describing the concrete properties, posing the difficulty of requiring 
a variety of data obtained from laboratory tests as model inputs. In the present study, a 
combination of the first and second methods was adopted. The first method was preliminarily 
conducted by inputting fc to obtain all of the other parameters required in the second method. 
Then, the second method was carried out to modify the EOS. The initial stiffness of the 
members was adjusted based on the pressure and bulk modulus in the EOS to reflect the 
modification of Young’s modulus of concrete. The pressure p calculated from the EOS is given 
as 
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vp K            (9) 

 
where K is the loading or unloading bulk modulus and εv is the elastic volumetric strain. 
 
The parameters b1 and b2 in Eq. (7) are employed in the concrete damage model to control the 
concrete hardening and softening behaviour. Although the details are omitted here, from an 
investigation of the effects of b1 and b2 in the model developed in the present study, similar to 
findings in [21], changes in the compressive softening parameter b1 did not significantly affect 
the flexural performance of the specimen model, whereas changes in the tensile softening 
parameter b2 demonstrated a clear effect. Based on this, the default value of b1 (= 1.6) was used, 
and b2 was modified from its default value (b2 = 1.35) and set to 10 and 25 to reflect the 
actual behaviour of NSC and UHPC, respectively.  
 

Table 3: Material properties used in the FE model for specimens tested by Yin et al. [8]. 

Component (element) Description Value of model parameters 

NSC (solid) 

Material type 72r3 
(MAT_CONCRETE_DAMAGE_REL3) 

– 

Density (kg/m3) 2200 

Poisson’s ratio 0.19 

Compressive strength (MPa) 23 

Tensile strength (MPa) 3 

Tensile softening parameter b2 10 

Localised crack width wc (mm) 25.18† 

UHPC (solid) 

Material type 72r3 
(MAT_CONCRETE_DAMAGE_REL3) 

– 

Density (kg/m3) 2200 

Poisson’s ratio 0.19 

Compressive strength (MPa) 153 

Tensile strength (MPa) 10.5 

Tensile softening parameter b2 25 

Localised crack width wc (mm) 13 

Longitudinal rebar (beam) 

Material type 03 
(MAT_PLASTIC_KINEMATIC) 

– 

Density (kg/m3) 7830 

Poisson’s ratio 0.3 

Young’s modulus (GPa) 200 

Yield strength (MPa) 
501.6 for DB12 
475.0 for DB10 

Equivalent beam elements 
for bond interface (beam) 

Material type 03 
(MAT_PLASTIC_KINEMATIC) 

– 

Density (kg/m3) 2200 

Poisson’s ratio 0.19 

Young’s modulus (GPa) 
Equivalent Young’s modulus of 

NSC 

Yield strength (MPa) 
Equivalent maximum bond 

strength 
(τmax = 0.55 MPa [22]) 

Note:  
†: Default value in LS-DYNA 
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The localised crack width parameter wc is used to eliminate the mesh size dependence in the 
concrete damage model. The tensile fracture energy under the stress–strain curve can be 
adjusted by varying wc. The recommended value of wc is three times the aggregate size for NSC 
[14]. For UHPC, steel fibres play a more important role in defining the tensile fracture 
behaviour than do the other fine constituents of UHPC. However, the optimal value of wc for 
the FE model of UHPC remains unclear. In the present study, values of wc = 25.18 mm (default) 
and 13 mm were adopted in the NSC and UHPC models, respectively. The parameters of the 
concrete damage model used for the specimens tested by the present authors are listed in Table 
3. 
 
3.3. Material model for longitudinal rebar 
 
Material model type 3 (Mat-03) in LS-DYNA, which is an elastic–plastic model with kinematic 
and isotropic hardening, was used to model the longitudinal rebar in the present study. A 
Young’s modulus of 200 GPa was adopted for this material. The slope of the bilinear stress–
strain curves (tangent modulus) was assumed to be zero, representing perfectly constant stress 
after yielding. The properties used to model the longitudinal rebar were the same as those used 
in the authors’ previous study [8] and are given in Table 3.  
 
4. Modelling of composite UHPC–concrete members 
4.1. Numerical model of perfectly bonded interface 
 
Section 4 describes the modelling method for the composite UHPC–concrete specimens listed 
in Table 2. As previously mentioned, three analytical cases for the bond interface between NSC 
and UHPC were considered. Case 1 is the case of a perfectly bonded interface, which was 
considered to investigate the response of the specimens when UHPC is ideally bonded to the 
NSC substrate. Case 2 is the case of a perfectly unbonded interface, which was used for 
reference. Case 3 demonstrates the application of the newly proposed model using equivalent 
beam elements to consider the bond strength at the interface. The same parameters used for the 
non-composite members described in Section 3 were adopted for all three analytical cases. 
 
 
 

 
 
 

 
Figure 4: Layout of FE model, Case 1 (OV-50a). 

 
In Case 1, a perfectly bonded interface between the NSC and UHCP of the composite UHPC–
concrete specimens was assumed, and shared nodes were adopted at the interface. Except for 
the interface, the FE models used in Case 1 were the same as those described in Section 3. Fig. 
4 illustrates the configuration of the FE model for Case 1. Details of the perfect bonding 
assumption are shown in Fig. 5(a) and (b). 
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Figure 5: Details of perfectly bonded and unbonded interface models. 
 
4.2. Numerical model of unbonded interface 
 
In Case 2, a perfectly unbonded interface between the NSC and UHPC of the composite UHPC–
concrete specimens was adopted, and the nodes at the interface were not shared. Except for the 
interface, the FE models used in Case 2 were the same as those described in Section 3. To avoid 
element penetration between NSC and UHPC, the penalty-based automatic single-surface 
contact algorithm in LS-DYNA was employed at the interface. The modelling details of the 
unbonded interface are shown in Fig. 5(a) and (c). 
 
4.3. Numerical model considering the bond strength at the interface 
4.3.1. Modelling the bond interface 
 
In Case 3, a modelling technique using equivalent beam elements at the NSC–UHPC interface 
was proposed to assess the interfacial bond strength for composite UHPC–concrete members. 
Instead of a friction or cohesive element at the interface [13], equivalent beam elements were 
adopted for stability in the FE simulation. The application of this modelling technique is simple. 
Equivalent beam elements were created along the longitudinal direction of the specimens 
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through each node at the interface, and no transverse equivalent beam elements were provided. 
As in Case 2, Case 3 also used the automatic single-surface contact algorithm to prevent element 
penetration at the interface. The overall FE configuration with the proposed equivalent beam 
elements is shown in Fig. 6, and the modelling details are shown in Fig. 7. The FE model 
described in Section 3 was implemented to model the UHPC and NSC members. The equivalent 
beam elements were modelled using Mat-03 (Section 3.3) to provide elastic–plastic 
characteristics.  
 

 
 
 

Figure 6: Illustration of equivalent beam elements for modelling bond strength, Case 3 (OV-
50a). 
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Figure 7: Details of proposed bond interface model using equivalent beam elements at the 
interface. 

 
The interfacial bond between the NSC substrate and the UHPC can be expressed using the 
equivalent beam elements with an appropriate modelling technique for the bond behaviour at 
the interface. The nodes of the equivalent beam elements for the bond interface and those of the 
solid elements for the NSC and UHPC were intentionally created to coincide in order to enable 
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node sharing at the interface. To avoid perfect bonding and consider a finite bond strength, the 
equivalent beam elements alternately shared nodes with the solid elements of the two types of 
concrete, as seen in Fig. 7(b). That is, when the ith node of the equivalent beam elements is 
shared with a node of the NSC solid elements, the (i+1)th node of the equivalent beam elements 
is shared with a node of the UHPC solid elements. The following sections focus on the 
characteristics of the interfacial bond between the NSC and UHPC used in the FE model. 
 
4.3.2. Interfacial bond for composite UHPC–concrete members 
 
Because the equivalent beam elements were used to define the bond characteristics at the NSC–
UHPC interface in the present study, the Young’s modulus (stiffness) and yield strength (bond 
strength) of the equivalent beam elements were defined as inputs for Mat-03 in LS-DYNA. 
These properties were assumed to correspond to those of the weak concrete NSC. The Young’s 
modulus and yield strength were obtained using the following equations. 
 
The stiffness Kc of NSC is defined as 
 

,

c c
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c bond
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            (10) 

 
where Gc is the shear modulus of NSC, Ac is the area of the concrete surface at the interface, 
and tc,bond is the thickness of the bonded surface. The thickness tc,bond was assumed to be 1 mm. 
 
The shear modulus Gc is given by 
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where Ec is the Young’s modulus of NSC and c is the Poison’s ratio of NSC. 
 
The stiffness Keb of each equivalent beam element is defined as 
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            (12) 

 
where Eeb, Aeb, and Leb are the Young’s modulus, area, and length of the equivalent beam 
element, respectively. 
 
At the equivalent state (Kc = Keb), Eeb is expressed as 
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         (13) 

 
The yield strength of the equivalent beam elements was defined based on the equivalent bond 
strength of UHPC to NSC substrates. Because previous investigations on the bond strength of 
NSC to UHPC have been very limited in previous studies [2,3], a maximum bond strength of 
0.55 MPa, as suggested by ACI 318 [22] for intentionally roughened surfaces, was adopted. 
The yield strength fy,eb was then defined as 
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where max is the maximum bond strength (max = 0.55 MPa [22]). The simplified elastic–plastic 
characteristic curve shown in Fig. 8 was adopted for the equivalent beam elements. The overall 
features of the bond can be found in [23,24]. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8: Adopted interfacial bond characteristics of equivalent beam elements for composite 

UHPC–concrete members. 
 
5. Simulation results and verification 
5.1. Results for non-composite specimens 
 
Fig. 9 shows the simulated and experimental load–deflection curves for the two non-composite 
specimens RE-0 and RE-100 [8]. Good agreement was observed between the simulation and 
experimental results. For the NSC slab (RE-0), both the experimental and numerical curves 
showed a sudden drop in the force just after the peak load, as shown in Fig. 9(a). For the UHPC 
slab (RE-100), the FE simulation yielded a load–deflection curve with ductile behaviour that 
was very similar to the experimental results, as shown in Fig. 9(b). In addition, for both 
specimens, the simulated peak loads were approximately equal to the loads obtained 
experimentally, and the predicted maximum loads occurred at approximately the same 
deflections as in the experiment. Fig. 10 shows the damage pattern of the effective plastic strain 
distribution obtained from the numerical model along with the experimental final cracking 
pattern of the specimen RE-100. The numerical simulation showed a high effective plastic strain 
at the midspan, which agreed well with the experimental observation.  
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Figure 9: Load–deflection curves for non-composite NSC and UHPC specimens tested by the 
present authors [8]. 

 
 

   
 

 
 

 

  

 
 
 

Figure 10: Simulated and experimental damage patterns for the non-composite UHPC 
specimen (RE-100). 

 
Figs. 11 and 12 show the experimental and simulated load–deflection curves for the non-
composite specimens tested by Yang et al. [15] and Yoo et al. [16], respectively. It should be 
noted that only the key points of load–deflection curves, such as the first cracking load, yield 
load, peak load, and the corresponding midspan deflections, were reported by Yang et al. [15] 
for specimens R12-1, R22-2, and R23-2. These points were used for comparison and are 
depicted in Fig. 11. As shown in Figs. 11 and 12, the overall response of the load–deflection 
curves for the UHPC beams obtained from the FE simulation agreed well with the 
corresponding experimental curves. 
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Figure 11: Simulated and experimental load–deflection curves for non-composite UHPC 
beams tested by Yang et al. [15].  
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Figure 12: Simulated and experimental load–deflection curves for non-composite UHPC 
beams tested by Yoo et al. [16]. 

 
5.2. Results for composite UHPC–concrete specimens 
5.2.1. Results obtained from analysis of perfectly bonded interface 
 
The load–deflection curves for the composite UHPC–concrete specimens obtained from the FE 
model under the assumption of perfect bonding at the NSC–UHPC interface (Case 1, Section 
4.1) are illustrated in Fig. 13. From Fig. 13, when the interface between NSC and UHPC was 
perfectly bonded, the ultimate loads obtained from the numerical simulation were significantly 
higher than those obtained experimentally for all specimens except OV-25 and OV-50. It should 
be noted that specimens OV-25 and OV-50 had no longitudinal rebar in the UHPC overlay.  
 
5.2.2. Results obtained from analysis of unbonded interface 
 
With the assumption of a perfectly unbonded NSC–UHPC interface (Case 2, Section 4.2), the 
numerical estimates were below the experimental curves for all the specimens except RE-20, 
as shown in Fig. 13. From the results of Cases 1 and 2 in Fig. 13, when the effect of the bond 
strength is not taken into account in the FE model for the composite UHPC–concrete specimens, 
the analysis yields poor results, i.e., the simulation estimates curves that are significantly higher 
or lower than the experimental curves for perfectly bonded or unbonded interfaces, respectively.  
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Figure 13: Simulated and experimental load–deflection curves for composite UHPC–concrete 
specimens [8]. 
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5.2.3. Results obtained from proposed equivalent beam elements at the interface 
 
The simulated load–deflection curves obtained from the FE model considering the bond 
strength effect using the proposed equivalent beam elements at the NSC–UHPC interface (Case 
3, Section 4.3) were compared with the experimental results and those from analysis in Cases 
1 and 2 (Fig. 13). As shown in Fig. 13, the curves obtained in Case 3 were between those 
obtained in Cases 1 and 2 and agreed well with the experimentally obtained curves. The FE 
model in Case 3 accurately predicted the initial stiffness and ultimate load for all of the 
composite specimens. For composite slabs RE-32 and RE-50, the simulated load–deflection 
curves of Case 3 were in good agreement with the experimental curves throughout the loading 
history, as shown in Fig. 13(b) and (c), respectively. For the other composite specimens, 
although the experimental results indicated that the specimens underwent ductile behaviour, the 
simulated curves showed a sudden drop after the peak load. These results may have been caused 
by the effect of the bond strength between the longitudinal rebar and concrete [8,25,26], as the 
proposed model does not consider the effect of the strength of this bond and instead assumes a 
perfect bond at this interface. However, the analysis in Case 3 demonstrated the effectiveness 
of the proposed method in the prediction of the initial stiffness and peak load and achieved fair 
agreement with the experimental results for the ultimate midspan deflections. 
 

 
 

 
 
 

 
 
 

 
 

 
 

 
 

 
 

Figure 14: Damage patterns for composite slab RE-20 obtained from FEM simulations with 
different interface conditions. 
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Figure 15: Damage patterns for composite slab OV-25 obtained from FEM simulations with 
different interface conditions. 

 
Figs. 14 and 15 show damage maps of the effective plastic strain obtained from the FE 
simulations along with sketches obtained from the experimental results of the final crack 
patterns for the composite slabs RE-20 and OV-25, respectively. These sketches show that the 
features of the effective plastic strain results from the analysis of Cases 1 and 3 were roughly 
similar to each other but quite different from the Case 2 analysis. This is because the shared 
nodes in Case 1 and the equivalent beam elements in Case 3 transferred the effective plastic 
strain to the UHPC layer, whereas the unbonded interface in Case 2 did not allow the 
transmission of any high effective plastic strain to the UHPC layer. The regions of high effective 
plastic strain in Figs. 14(c) and 15(c) for Case 3 were found to be fair agreement with the 
corresponding experimental cracking patterns in Figs. 14(d) and 15(d).  
 
Fig. 16 shows the experimental-to-numerical peak load ratio Pexp/PFEM obtained from the FE 
simulations in the cases of a perfectly bonded interface (Case 1), an unbonded interface (Case 
2), and equivalent beam elements at the interface (Case 3) for the composite UHPC–concrete 
specimens. It was clearly demonstrated that the results in Case 3, which considers the bond 
strength at the NSC–UHPC interface, showed good accuracy in terms of the Pexp/PFEM ratios, 
with the ratios in all cases approximately at the target line of Pexp/PFEM = 1.0. In contrast, Cases 
1 and 2 greatly deviated from the target line (i.e., yielded erroneous results). 
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Figure 16: Experimental-to-numerical peak load ratios for composite UHPC–concrete 
specimens simulated with different interface conditions. 

 
5.3. Peak load and corresponding midspan deflection 
 
The experimental and numerical peak loads Pexp and PFEM and the corresponding midspan 
deflections Δexp and ΔFEM were compared for all non-composite and composite specimens, 
where the PFEM and ΔFEM values were those obtained using the proposed equivalent beam 
element method (Case 3). The experimental-to-numerical peak load ratios Pexp/PFEM and the 
corresponding peak load deflection ratios Δexp/ΔFEM were calculated for the Case 3 analysis, 
and the results are given in Table 4. From Table 4, the numerical peak loads showed good 
accuracy, achieving an average Pexp/PFEM ratio of 1.01 and a coefficient of variation (COV) of 
5.5%. The predicted corresponding midspan deflections also showed fair correlations, yielding 
an average Δexp/ΔFEM ratio of 1.13 and a COV of 31.2%.  
 

 
 

Figure 17: Simulation results for non-composite and composite (Case 3) members plotted 
against experimental results. 
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Fig. 17(a) and (b) shows the numerical results of the non-composite and composite (Case 3) 
specimens plotted against the experimental results for the peak load and the corresponding 
midspan deflection, respectively. As shown in Fig. 17(a), the peak load results showed a very 
good distribution along the target line representing PFEM = Pexp. For the midspan deflection at 
the peak load shown in Fig. 17(b), although the results did not lie along the target line 
representing Δexp = ΔFEM, most of the data points fell within the Δexp = ΔFEM ± 20% bounds, 
which indicates fair agreement. 
 

Table 4: Summary of the FE model and experimental results. 

Type Authors Specimen 
Pexp 
(kN) 

PFEM 
(kN) 

Δexp 
(mm) 

ΔFEM 
(mm) 

Pexp/PFEM Δexp/ΔFEM 

Non-composite 

Yin et al. [8] 
RE-0 61.08 64.03 14.79 15.15 0.95 0.98 

RE-100 113.05 109.88 18.14 27.05 1.03 0.67 

Yang et al. 
[15] 

R12-1 154.00 151.64 15.99 16.84 1.02 0.95 

R13C-1 163.10 173.22 18.18 18.88 0.94 0.96 

R14-2 206.80 195.41 19.62 19.89 1.06 0.99 

R22-2 187.10 185.06 17.23 17.13 1.01 1.01 

R23-2 233.00 223.34 20.82 21.61 1.04 0.96 

Yoo et al. 
[16] 

UH-0.53% 186.5 160.96 13.49 12.17 1.16 1.11 

UH-1.06% 226.2 216.36 13.41 15.23 1.05 0.88 

UH-1.71% 249.5 253.98 13.77 15.18 0.98 0.91 

Composite Yin et al. [8] 

RE-20 57.18 60.38 24.59 13.82 0.95 1.78 

RE-32 43.68 42.85 31.12 22.55 1.02 1.38 

RE-50 55.38 52.19 25.68 30.47 1.06 0.84 

OV-25 73.47 71.52 13.78 11.97 1.03 1.15 

OV-25a 77.97 81.77 14.42 9.32 0.95 1.55 

OV-50 77.97 82.52 9.43 8.86 0.94 1.06 

OV-50a 95.06 94.68 17.75 8.85 1.00 2.00 
  Average 1.01 1.13 
  Coefficient of variation (COV) 5.5% 31.2% 

Pexp: Experimental peak load 
PFEM: Numerical peak load (Case 3 for composite specimens) 
Δexp: Midspan deflection corresponding to the experimental peak load 
ΔFEM: Midspan deflection corresponding to the numerical peak load (Case 3 for composite specimens) 

 
6. Conclusions 
 
The structural response of composite UHPC–concrete members was simulated using the 
developed FE model with LS-DYNA software. The model was based on the calibrated 
parameters of the concrete damage model obtained for non-composite members (NSC or UHPC 
specimens). For composite members, the proposed modelling technique using equivalent beam 
elements was adopted to represent the bond behaviour at the interface between the NSC and 
UHPC slabs. For comparison, FE analysis was also conducted assuming a perfectly bonded or 
unbonded interface. From the present study, the following conclusions could be drawn.  
 

(1) The developed FE model yielded good predictions for the overall response of both 
the non-composite and composite UHPC–concrete members. 

 
(2) The proposed technique using the equivalent beam element at the interface between 

the NSC and UHPC was effective and efficient for simulating the behaviour of 
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composite UHPC–concrete members. These equivalent beam elements 
characterised by appropriate concrete properties were able to adequately capture the 
bond performance. 

 
(3) The proposed FE model for the composite UHPC–concrete members accurately 

predicted the load–deflection curves, whereas the curves from the analysis cases in 
which a perfectly bonded or unbonded interface were considered showed relatively 
poor correlation. In addition, the overall configuration of the effective plastic strain 
obtained from the proposed FE model roughly agreed with the crack damage 
patterns observed in the experiments. 

 
(4) The experimental-to-numerical peak load ratio Pexp/PFEM obtained using the 

equivalent beam elements showed good accuracy, with the ratio approaching the 
target line (Pexp/PFEM = 1.0). In contrast, the perfectly bonded or unbonded interface 
analysis cases yielded a large deviation. However, the corresponding midspan 
deflection obtained from the proposed FE model showed only fair agreement with 
the experimental results. 

 
The numerical investigation in the present study revealed that the bond strength between NSC 
and UHPC should be taken into account when conducting the FE analysis of composite UHPC–
concrete members. The results of this investigation demonstrate that although UHPC exhibits 
a good bond quality with RC members, it would not form a perfectly bonded interface. However, 
in future work, the effect of the mechanical concrete zone covering the longitudinal rebar on 
the overall numerical response should also be considered, and the post-peak ductile behaviour 
of the model should be improved.  
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Behaviour of UHPC-concrete composite members subjected to static 
and dynamic loading: Numerical study 
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Behaviour of UHPC-concrete composite members subjected to static and dynamic 
loading: Numerical study 
 
Abstract 
 
This paper addresses the static and dynamic behaviour of composite reinforced concrete (RC) 
strengthened with ultra-high performance concrete (UHPC) obtained using the developed finite 
element (FE) modelling. In the static analysis, both implicit and explicit solvers in LS-DYNA 
were individually used for both monotonic and cyclic loading. The numerical results for 
monotonic loading were verified with previous experimental results.  The numerical response 
under cyclic loading was conducted by comparing the implicit and explicit methods. For 
dynamic behaviour, blast simulation was performed using explicit method developed in static 
analysis. The blast model was validated with test data of non-composite RC or UHPC members 
available in the literature. Although there were no test data on UHPC-concrete composite 
members in open documents, the blast simulations were carried out to investigate the influence 
of UHPC strengthening layer on the blast resistance capacity of UHPC-concrete composite 
members. The structural responses including the midspan deflection, residual deflection, and 
damage cracking patterns were extracted from the numerical results. The effectiveness of 
UHPC layer of UHPC-concrete composite members was demonstrated through comparing the 
results with reference non-composite RC and UHPC members under same blast loading. 
 
Keywords: Blast simulation, finite element modelling, structural response, RC members, 
UHPC strengthening, bond interface 
 
1. Introduction 
 
Concrete is one of the most commonly used materials in buildings. During service life of 
reinforced concrete (RC) structures, the repair or retrofitting of the structures may be required 
due to the deterioration of concrete or excessive deformation of the structural elements. 
Therefore, repair materials with high strength and high stiffness are desirable to use. The recent 
development of ultra-high performance concrete (UHPC), a cementitious concrete material 
containing small amount of steel fibres in the mix matrix, has been proven to be suitable in 
strengthening RC structures [1-3]. Due to the excellent properties of UHPC such as high 
strength, high stiffness, strain hardening, and energy absorption, the RC members after being 
strengthened with UHPC exhibits enhancement of structural performance [4-7]. Moreover, 
UHPC has shown good adherence to normal strength concrete (NSC) substrates [8, 9]. However, 
the studies on composite RC members strengthened with UHPC are very limited in the literature. 
 
In addition, dynamic behaviour of structural members particularly under explosions is relatively 
more complex than static behaviour. Although accidental or intentional explosions rarely occur, 
blast damages of RC structures would become disastrous consequence. Blast loads with short 
duration can produce extremely large amount of energy to the structures and excite global or 
local responses. The excitement of the blast effect can cause immediate failure of structural 
members or executes the risk of structural progressive collapse. To mitigate the blast effect, use 
of UHPC layer onto RC members could be essential because the ductile behaviour of UHPC 
can help absorb large amount of blast energy. According to the past experimental studies [10-
14], it demonstrated that UHPC structural members under blast loading significantly enhances 
the blast resistance capacity than the conventional RC members made of NSC. However, the 
dynamic behaviour of composite RC members strengthened with UHPC under blast loading 
has not yet been investigated. 
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In the present study, the numerical simulations were conducted to figure out the static and 
dynamic response of composite RC members strengthened with UHPC. The numerical model 
developed for the composite members under static loading was validated with the previously 
reported experimental results. The dynamic behaviour of composite UHPC-concrete members 
subjected to blast loading was numerically investigated. The reliability of the numerical model 
was based on the results calibrated with the some test results available in the literature. The 
numerical simulations of composite RC members strengthened with different UHPC 
configurations were carried out by varying the blast charge weight. The numerical results of 
non-composite and composite members are compared. The effect of UHPC layer on the blast 
resistance of UHPC-concrete composite members observed from the numerical model is 
presented. 
 
2. Overall FE model 
2.1. Modelling and conditions 
 
In this paper, the behaviour of non-composite RC or UHPC members, and UHPC-concrete 
composite members was numerically studied. Commercial FE software LS-DYNA [15] was 
used for the numerical simulation. Both NSC and UHPC were modelled using an eight-node 
constant-stress solid element. For longitudinal rebar, a two-node beam element was used. A 
perfect bond was assumed between the longitudinal rebar and the NSC or UHPC.  
 
Loading and support boundaries were modelled to represent the actual experimental conditions 
available in the literature by appropriate constraint. Static and blast loads were used. For static 
loading, the behaviour of the members were simulated using both implicit and explicit solvers 
in LS-DYNA, and displacement-controlled loading was used. For blast loading, only explicit 
analysis was used. Details of loading condition are described in Section 3. 
 
2.2. Material model for concrete 
 
Several material models in LS-DYNA such as Mat Johnson Holmquist Concrete (Mat-111); 
Mat Pseudo Tensor (Mat-16); Mat CSCM Concrete (Mat-159); Mat Concrete Damage (Mat-
72r3) can be employed to model the behaviour of concrete material. In the present study, the 
concrete damage model (Mat-72r3), a plasticity-based constitutive model [16], was used for 
both the NSC and UHPC; and its reliability has been shown in [17-19]. 
 
The major advantage of the concrete model Mat-72r3 is that a single parameter, the unconfined 
compressive concrete strength f'c, is required as an input. The remaining parameters are 
automatically generated using a built-in algorithm and can also be modified by the user. A brief 
description of the concrete damage model is presented in the following sections. 
 
2.2.1. Strength surfaces 
 
The concrete damage model is defined by three independent strength surfaces: an initial yield 
surface, a maximum failure surface, and a residual surface. The function of each of these 
strength surfaces can be expressed as [20] 
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where p is the pressure; Fi is the ith failure surface; and a0i, a1i, and a2i are parameters defining 
the three-parameter failure surfaces. 
 
2.2.2. Strain rate effect 
 
As commonly known, the concrete material is a strain rate dependent material. The behaviour 
of concrete material under dynamic loading such impact or blast (strain rate of 10–1 – 103 s–1) 
performs differently in comparison to the quasi-static event (strain rate of 10–6 – 10–4 s–1). The 
effect of strain rate is defined by dynamic increase factor (DIF).  
 
For NSC material, DIFs in compression and tension can be obtained using existing empirical 
models in [21]. For UHPC material, the strain rate effect found in literature is very limited. 
According to the work done by Ngo et al. [22], the DIF was derived from proposed model with 
high concrete strength of 160 MPa; and at given strain rate of 300 s–1, the DIF was obtained as 
1.5. Teng et al. [23] carried out the numerical simulation on impact response of reinforced fibre 
concrete, and the constant DIF value of 1.5 was used. Wang et al. [24] conducted the simulation 
of penetration of steel fibre reinforced concrete and no strain rate effect was considered in their 
model; but the numerical results yielded good performance. 
 
Similar to the work done by Wang et al. [24], no strain rate effect was considered in the FE 
model developed in the present study. 
 
2.2.3. Equation of state 
 
An equation of state (EOS), the tabulated compaction, was employed in the concrete damage 
model Mat-72r3. This EOS is given as the relationship between the pressure P and volumetric 
strain v as [15] 
 

( ) ( )v vP C T E              (2) 

 
where v is the volumetric strain given by the natural logarithm, C and T are coefficients that 
are functions of v, γ is the specific heat ratio, and E is the internal energy. 
 
2.2.4. Determination of concrete model parameters 
 
In the concrete damage model Mat-72r3, two simulation methods are available. The first is a 
simple method using automatic parameter generation that requires only the concrete 
compressive strength fc as an input. The second method requires detailed input parameters 
describing the concrete properties, and this method usually poses the difficulty of requiring a 
variety of data obtained from laboratory tests. In the present study, a combination of the first 
and second methods was adopted. The first method was preliminarily conducted by inputting 
fc to obtain all of the other parameters required in the second method. Then, the second method 
was carried out to modify the EOS. The detailed procedure for determining the concrete model 
parameters could be found in [17]. 
 
2.3. Material model for longitudinal rebar 
 
For the longitudinal reinforcement, a material model (Mat-03) in LS-DYNA, which is an 
elastic–plastic model with kinematic and isotropic hardening, was used in the present study. 
The reliability of this model has been demonstrated in previous works [25, 26]. 
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3. Loading conditions 
3.1. Static loading 
3.1.1. Monotonic loading 
 
A monotonic loading rate of 2105 m/s was used for both implicit and explicit methods. The 
implicit method is used to solve iterative equations and effectively applied to static problems. 
The implicit analysis is unconditionally stable for large time steps. However, it is often 
inaccurate in the numerical solution when the convergence of the equilibrium iterations is 
difficult to achieve. Several iterative solver schemes are available in LS-DYNA. In the present 
study, quasi-Newton methods, which is the most robust solver among the options, was 
employed.  
 
The explicit method directly solves the problem and does not require iterations. However, this 
method is conditionally stable and it requires small time increment for accurate procedure. The 
explicit solution under monotonic loading for the static problems leads to an inevitably large 
number of time steps. To shorten the simulation time, it can be done either by reducing the total 
time steps or by increasing the time increment, and the results can be acceptable when the 
kinetic energy was negligible compared to the internal energy in the model. In the present study, 
an increased loading rate of 2103 m/s was adopted to reduce the total time steps. 
 
3.1.2. Cyclic loading 
 
Similar to the monotonic loading (Section 3.1.1), reversed cyclic loading in this study was 
adopted for both implicit and explicit analysis. Fig. 1 shows the cyclic loading history used in 
the FE model with displacement increments. Two loading cycles were composed at each 
displacement increment. Each displacement increment of 2 mm was set.  
 
For implicit analysis, as shown in Fig. 1(a), the loading rate used in reversed cycles was same 
as that described in monotonic loading. For explicit analysis, the simulation time under cyclic 
loading is significantly longer than monotonic loading at same loading rate. To shorten the 
simulation time, both reducing the total time steps and increasing the time increment were 
adopted. In the present study, the loading rate of 2103 m/s was used to reduce the total time 
steps (Fig. 1(b)), and the constant time step of dt = 1.5105 s was set using mass scaling to 
increase the time increment. 
 

 
 

Figure 1: Cyclic loading history. 
 
The cyclic loading was applied to rigid rollers as shown in Fig. 2. The rigid rollers and supports 
were modelled using solid element and rigid material (Mat-20 in LS-DYNA) was employed. 
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An automatic single contact surface was used to prevent element penetration. It should be 
noticed that the cyclic simulation is implemented only in Section 5 for assessment study of blast 
simulation. 
 
 

 
 

Figure 2: Overview of FE model (RE-32) for cyclic loading (all dimensions in mm). 
 
3.2. Blast loading 
3.2.1. Overview 
 
The high explosive creates shock waves, burst or shatter materials, penetrate materials, produce 
lift and heave of materials. When this high explosive detonated in air, it produces air blast [27].  
The high-pressure causes a violent expansion of the gaseous products and the surrounding air 
is forced out of the volume it occupies. The layer of this air contains most of the explosive 
energy and is known as the blast wave. Since a disequilibrium is set up between the highly 
compressed air in the blast wave and the undisturbed air in front of it, the blast wave travels 
outwards from the centre of the explosion. The total energy in the system is now constant 
because the explosive has now fully detonated. The pressure at the blast wave front decreases 
as the wave front travels further from the explosion. The momentum of the gas causes it to over-
expand and results in the pressure at the tail of the blast wave falling below the air pressure of 
the atmosphere. This creates a negative pressure phase due to the air removed from atmosphere, 
resulting in reversal of flow back towards the explosion centre. Eventually equilibrium is 
restored to ambient air. 
 

 
 

Figure 3: Idealization of pressure-time history [28]. 
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phase. The pressure time history of a blast wave can be described by exponential function, i.e. 
the Friedlander Equation given as: 
 

( ) 1 expso
a d

t t
p t p

t t

   
    

   
        (3) 

 
where t is the wave duration time; ta is the arrival time; td is the duration time of the positive 
phase; pso is the peak overpressure; and α is the waveform parameter. The impulse, iso, the area 
beneath the pressure time curve of positive pressure phase. The peak overpressure produced by 
the spherical blast wave is given as a function of the scaled distance Z = R/W1/3, where R is the 
actual effective distance from explosion, and W is the blast charge weight. The summary of 
blast effects on structures could be found in [29]. 
 
3.2.2. Blast load modelling 
 
In the present numerical simulation, the blast loading is modelled using built-in algorithm load-
blast-enhanced function. In LS-DYNA, this function was based on the empirical model 
described in TM5-855 US army handbook (CONWEP) [28]. The load-blast-enhanced function 
was commonly used by many researchers and it yields highly reliability [13, 19, 25, 26].  
 
The major advantage of the blast-enhanced function is that it can avoid the detailed modelling 
of the explosive charge and shock wave in air. The function requires only the equivalent mass 
of TNT (trinitrotoluene), location of detonation charge, and type of blast. The blast type used 
in the present simulation was the spherical free-air burst (default). 
 
3.2.3. Blast pressure response 
 
The incident pressures obtained using blast load modelling as described in Section 3.2.2 was 
compared with those from the experiment measured at a distance of 5 m and performed by Yi 
et al. [10]. As shown in Fig. 4, similar to the numerical results conducted by Yi et al. [10], the 
present numerical simulations agreed well with the first peak pressure of the experimental 
results. In the present study, the reflected pressures, which is almost identical to the incident 
pressures, was also computed from the Unified Facilities Criteria (UFC 3-340-02) [30] and 
depicted in Fig. 4 for comparison. 
 

 
 

Figure 4: Comparison of free field pressures obtained from FEM, UFC, and experiment 
performed by Yi et al. [10]. 
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4. Validation of FE simulation 
4.1. General description 
 
To validate the present FE model, specimens tested by Li et al. [31] and Yi et al. [10] were used. 
Geometric and material properties of the specimens by Li et al. [31], and Yi et al. [10] are 
described in Sections 4.2 and 4.3, respectively. 
 
For the blast response, global damping system (mass-proportional damping) in LS-DYNA was 
used to consider damping effect in the present numerical simulation to reduce the vibration. 
Through several trials, it was found that the most appropriate damping ratio was 5%, and it was 
then applied to all blast simulations in this study. 
 
4.2. Specimens tested by Li et al. [31]  
 
Two specimens tested by Li et al. [31] were modelled using the present FE model. One was 
under static loading (monotonic) and the other was under blast loading. A four-point bending 
system was used for static test on 100 mm  100 mm  400 mm UHPC specimen, which was 
named MF15, with no reinforcement rebar. The blast test was conducted on 200 mm  200 mm 
 2500 mm UHPC specimen; namely U1B1. The specimen U1B1 was reinforced with six 
longitudinal rebar of 16 mm in diameter (616) across the section, and transverse steels of 8 
mm in diameter were also installed. The blast charge of 1 kg TNT was hung over the centre of 
the specimen at a height of 1500 mm. Table 1 shows further details of geometry and material 
properties of the specimens. For full details, it could be found in [31]. 
 

Table 1: Geometry and material properties of specimens [31]. 

Specimen 
Geometry UHPC Longitudinal steel Transverse steel 

Load W 
(mm) 

H 
(mm) 

L 
(mm) 

f'c 
(MPa) 

 
(mm) 

fy 
(MPa) 

fy,max 

(MPa) 
 

(mm) 
fy 

(MPa) 
MF15 100 100 400 150 - - - - - Static 

U1B1 200 200 2500 150 16 1350 1600 8 300 Blast 
Note: 
W: Width 
H: Total height 
L: Total longitudinal length 
f'c: Compressive strength of UHPC 
: Diameter of reinforcement 
fy: Yield strength of reinforcement 
fy,max: Ultimate strength of reinforcement 

 
4.2.1. Simulation results for the flexural specimen under static loading  
 
The static specimen MF15 tested by Li et al. [31] were modelled using 10-mm mesh size. The 
material models described in Section 3 were implemented. The static loading and supports was 
applied directly to nod sets. The nod sets for supports were constrained as simply supported test 
specimen. The concrete model parameters used in the FE model are listed in Table 2. 
 
Fig. 5 illustrates the comparison of static load-deflection curves obtained from numerical 
simulations and the experiment. When the FE model used equal parameters, that yielded good 
results for implicit analysis, for explicit analysis, the numerical peak load in explicit analysis 
showed significant decrease than in implicit analysis as shown in Fig. 5(a). A new set of 
concrete model parameters was then recalibrated in explicit analysis using the procedure 
described in Section 2.2.4. By adopting the newly set parameters (Table 2), the load-deflection 
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curve using explicit solver agreed well with the experimental curve as shown in Fig. 5(b). These 
parameters were then used for the blast simulation, for which the explicit solver was also used. 
 

Table 2: Concrete model parameters employed in the numerical simulation for specimens 
tested by Li et al. [31]. 

Experiment Model parameter for implicit analysis Model parameter for explicit analysis 

Specimen 
f'c 

(MPa) 
b2 

wc 
(mm) 

ft 
(MPa) 

b2 
wc 

(mm) 
ft 

(MPa) 
MF15 150 12 35 17 38 15 23 

U1B1 150 - - - 38 15 23 
Note: 
f'c: Compressive strength of UHPC 
ft: Tensile strength of UHPC 
b2: Tension softening concrete parameter of concrete damage model 
wc: Localised crack width of concrete damage model 

 

 
 
 
 
 

Figure 5: Comparison of load-deflection curves obtained from FE model and experiment 
tested by Li et al. [31]. 

 
4.2.2. Simulation results for the specimen under blast loading 
 
Full-scale blast specimen U1B1 tested by Li et al. [31] were modelled using 20-mm mesh size. 
The material models described in Section 3 were implemented. The supports was modelled 
using solid rigid panels and constrained in all directions. The overall configuration of model 
setup is shown in Fig. 6.  
 
As earlier mentioned, the global damping system was used. This could be done by conducting 
the preliminary analysis without damping effect. The natural period T was determined as the 
second loop (see Fig. 7(a)), and it was used to compute damping constant as an input in LS-
DYNA. 
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Figure 6: Overview of configuration of FE model for blast simulation on specimen tested by 

Li et al. [31]. 
 

 
 

 
 
 
 
 

Figure 7: Comparisons of deflection-time histories for specimen U1B1. 
 

-3

-2

-1

0

1

2

3

0 50 100 150 200 250

D
ef

le
ct

io
n 

(m
m

)

Time (ms)

Charge W = 1 kg TNT
Specimen U1B1

FEM (Explicit)*

Experiment

T

-3

-2

-1

0

1

2

3

0 50 100 150 200 250

D
ef

le
ct

io
n 

(m
m

)

Time (ms)

Charge W = 1 kg TNT
Specimen U1B1

FEM (Explicit)*

Experiment

Blast charge W 

Distance R 

Centre 

(a) No damping effect taken into account 

(b) Consideration of damping ratio of 5% in the FE model 

UHPC 

Supports 

Note:  
*: Newly calibrated parameters of concrete damage model 
T: Adopted natural period for computing damping constant in LS-DYNA 



 

91 
 

Fig. 7(a) and (b) show the comparisons between experimental results and numerical responses 
without damping effect and the consideration of damping ratio of 5%, respectively. As shown 
in Fig. 7(a), it was clearly shown that the numerical simulation result indicated likely free 
vibration. When the damping ratio of 5% was used in the FE model, the numerical response 
fairly agreed with the experimental result as shown in Fig. 7(b). 
 
4.3. Specimens tested by Yi et al. [10]  
 
Two NSC and two UHPC specimens tested by Yi et al. [10] were modelled using the present 
FE model. All specimens were reinforced with two layers of mesh reinforcements of 10 mm in 
diameter in both directions. Table 3 shows the geometry and material properties of the 
specimens. The blast charge was installed at a height of 1500 mm above the centre of the 
specimens. The NSC specimens, named as NSC1 and NSC2, were tested under the blast charge 
of 15.88 kg TNT and 15.88 kg ANFO (= 13.02 kg TNT), respectively. The UHPC specimens, 
named RPC1 and RPC1, were tested under same blast weight of 15.88 kg ANFO. For full 
details, it could be found in [10]. 
 

Table 3: Geometry and material properties of blast specimens tested by Yi et al. [10]. 

Specimen 
Geometry NSC/UHPC Longitudinal steel 

W 
(mm) 

H 
(mm) 

L 
(mm) 

f'c 
(MPa) 

 
(mm) 

fy 
(MPa) 

fy,max 

(MPa) 
NSC1,2 1000 150 1000 25.6 10 400 600 

RPC1,2 1000 150 1000 202.9 10 400 600 
Note: 
W: Width 
H: Total height 
L: Total longitudinal length 
f'c: Compressive strength of UHPC 
: Diameter of reinforcement 
fy: Yield strength of reinforcement 
fy,max: Ultimate strength of reinforcement 

 
4.3.1. Simulation results for the NSC specimens under blast loading 
 
 
 
 
 
 

 
Figure 8: Overview of configuration of FE model for blast simulation on specimen tested by 

Yi et al. [10]. 
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Similar to the modelling of the specimen tested by Li et al. [10], the specimens tested by Yi et 
al. [10] were modelled using 20-mm mesh size. The material models for concrete and 
longitudinal rebar described in Section 3 were implemented. The supports was modelled using 
solid rigid panels and constrained in all directions. The overall configuration of FE model is 
shown in Fig. 8. Table 4 listed the concrete damage model parameters used for the NSC and 
UHPC specimens. 
 

Table 4: Concrete model parameters employed in the numerical simulation for specimens 
tested by Yi et al. [10]. 

Experiment Concrete model parameter 

Specimen 
f'c 

(MPa) 
b2 

wc 
(mm) 

ft 
(MPa) 

NSC1,2 25.6 1 15 3 

RPC1,2 202.9 25.18§ 15 12 
Note: 
§: Default defined by LS-DYNA 
f'c: Compressive strength of UHPC 
ft: Tensile strength of UHPC 
b2: Tension softening concrete parameter of concrete damage model 
wc: Localised crack width of concrete damage model 

 

 
 

 
 

Figure 9: Comparisons of deflection-time histories for specimen NSC1. 
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Fig. 9(a) and (b) show the comparisons between experimental results and numerical responses 
without damping effect and the consideration of damping ratio of 5% for specimen NSC1, 
respectively. As shown in Fig. 9(a), it showed that from the numerical simulation result free 
vibration after the first cycle of deflection-time history occurred. When the damping ratio of 
5% was used in the FE model, the permanent deflection obtained from the numerical simulation 
agreed well with the experimental result as shown in Fig. 9(b). It could be noticed that the 
maximum deflection obtained from the numerical simulation was higher than that measured 
from the experiment because the maximum deflection measured from the experiment exceeded 
the measurement device for the specimen NSC1 under 15.88 kg TNT reported by Yi et al. [10].  
 
Fig. 10(a) and (b) show the comparison of simulated and experimental results for specimen 
NSC2 subjected to the blast charge of 15.88 kg ANFO (ammonium nitrate/fuel oil). As shown 
in Fig. 10(b), the numerical result using the damping ratio of 5% showed good agreement with 
the experimental results. The simulated damage crack pattern of specimen NSC2 is shown in 
Fig. 11. 
 

 
 

 
 

Figure 10: Comparisons of deflection-time histories for specimen NSC2. 
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Figure 11: Numerical damage pattern of specimen NSC2. 

 
4.3.2. Simulation results for the UHPC specimens under blast loading 
 
Fig. 12(a) and (b) show the comparisons between experimental results and numerical responses 
without damping effect and the consideration of damping ratio of 5% for UHPC specimens, 
respectively. As shown in Fig. 12(a), once again, it was clearly shown that the numerical 
simulation result demonstrated free vibration after the first cycle of deflection-time history. 
When the damping ratio of 5% was used in the FE model, the permanent deflection obtained 
from the numerical simulation agreed well with the experimental results as shown in Fig. 12(b).  
 

 
 

 
 

Figure 12: Comparisons of deflection-time histories for specimen RPC1,2. 
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Fig. 13 shows the configuration of effective plastic stain for the numerical damage pattern of 
specimen RPC1,2. Owing to the high performance of UHPC including highly compressive and 
tensile strength, an improvement of damage crack pattern obtained from the simulation was 
observed as compared to that of the NSC specimen (Fig. 11). 
 

 
Figure 13: Numerical damage pattern of specimen RPC1,2. 

 
5. Numerical assessment for UHPC-concrete composite members 
5.1. Description details 
 
This section describes the numerical assessment for UHPC-concrete composite members in 
details. The description includes the details of specimens, FE modelling, loading conditions, 
and parameter study for blast simulation. The following sections detail the descriptions. 
 
5.1.1. Description of specimens 
 
Four specimens with different cross-sectional configurations performed by Yin et al. [7] were 
modelled. The specimens had five high-tensile-strength steels of 12 mm in diameter (5DB12) 
installed both the bottom and top as longitudinal reinforcement. Of four specimens, two were 
non-composite members made of NSC and UHPC; namely RE-0 and RE-100, respectively. 
Others were UHPC-concrete composite members named as RE-32 and OV-50. The details of 
the geometry and material properties of the specimens are shown in Fig. 14 and Table 5. 
 

OV-50RE-32

68

32

100

50

300 300

62 62 62 62 2626

62 62 62 62 2626

26

48
26

26

48

26

5DB12@62

5DB12@62

5DB12@62

5DB12@62

RE-0

100

26

48

26

300

62 62 62 62 2626

RE-100

62 62 62 62 2626

300

100

26

48

26

5DB12@62

5DB12@62

5DB12@62

5DB12@62

UHPC UHPC

NSC UHPC

NSC
NSC

 
 

Figure 14: Details of non-composite and UHPC-concrete composite sections (all dimensions 
in mm) [7]. 

(a) Non-composite sections 

(b) Composite sections 
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Table 5: Geometry and material properties details of the specimens [7]. 

Description Specimen 
Geometry NSC UHPC 

Longitudinal 
steel 

W 
(mm) 

H 
(mm) 

L 
(mm) 

hU 
(mm) 

f'c 
(MPa) 

f'c 
(MPa) 

fy 
(MPa) 

fy,max 
(MPa) 

Non-composite 
NSC 

RE-0 300 100 1600 - 23 - 502 565 

Non-composite 
UHPC 

RE-100 300 100 1600 100 - 153 502 565 

UHPC-concrete 
composite 

RE-32 300 100 1600 32 23 153 502 565 

OV-50 300 150 1600 50 23 153 502 565 
Note: 
W: Width 
H: Total height 
L: Total longitudinal length 
hU: UHPC layer thickness 
f'c: Compressive strength of NSC or UHPC 
fy: Yield strength of reinforcement 
fy,max: Ultimate strength of reinforcement 

 
5.1.2. Description of FE modelling 
 
Specimens described in Section 5.1.1 were modelled using 10-mm mesh size. The material 
models described in Section 3 were implemented. The modelling details could be found in [17, 
32, 33]. The effect of bond strength at the interface between UHPC and NSC substrate was 
considered for UHPC-concrete composite members [32, 33]. The bond interface modelling 
could be sumarised as follows. 
 
The bond between UHPC and NSC was modelled using equivalent beam elements at the 
interface. The equivalent beam elements were created from all nodes of the cross-sectional 
interface with the respect of the longitudinal specimen axis. The maximum bond strength of 
0.55 MPa suggested by ACI 318 [34] was adopted for the equivalent beam elements. Detailled 
configuration of the FE model with the equivalent beam elements is illustrated in Fig. 15.  
 
For the equivalent beam elements, an elastic-plastic characteristic was adopted as shown in Fig. 
15(d), and Mat-03 described in Section 2.3 was used. The equivalent bond strength fy,eb was 
derived from the maximum bond (0.55 MPa [34]), and the Young’s modulus Eeb at the 
equivalent state was given as: 
 

,2(1 )
c c eb

eb
c eb c bond

E A L
E

v A t



         (4) 

 
where Ec, νc, and Ac are the Young’s modulus, poison ratio, and concrete area of the NSC, 
respectively; Aeb and Leb are the area and length of the equivalent beam element, respectively; 
and tc,bond is the bond thickness assumed to be 1 mm.  
 
The yield strength of the equivalent beam elements was defined based on the equivalent bond 
strength of UHPC to NSC substrate. Because previous investigations on the bond strength of 
NSC to UHPC have been very limited in previous studies [9], a maximum bond strength of 
0.55 MPa, as suggested by ACI 318  [34] for intentionally roughened surfaces, was adopted. 
The yield strength fy,eb was then given as 
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max
,

c
y eb

eb

A
f

A


            (5) 

 
where max is the maximum bond strength (max = 0.55 MPa  [34]). 
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Figure 15: Details of FE modelling for UHPC-concrete composite members [34]. 
 
Tables 6 and 7 list the model parameters used in the numerical simulation for all specimens 
described in Section 5.1.1. In the tables, it should be noticed that equal parameters were applied 
to all material models for both implicit and explicit analyses, except UHPC material. Two 
different sets of concrete model parameters were used as shown in Table 6. 
 

Table 6: Concrete model parameters used in the numerical simulation for NSC/UHPC 
materials of non-composite and composite specimens. 

NSC UHPC 

Implicit/explicit Implicit Explicit 

b2 
wc 

(mm) 
ft 

(MPa) 
f'c 

(MPa) 
b2 

wc 
(mm) 

ft 
(MPa) 

f'c 
(MPa) 

b2 
wc 

(mm) 
ft 

(MPa) 
f'c 

(MPa) 

10 25.18 3 23 25 13 10.5 153 8 10 10.5 153 
Note: 
f'c: Compressive strength of NSC/UHPC 
ft: Tensile strength of NSC/UHPC 
b2: Tension softening concrete parameter of concrete damage model 
wc: Localised crack width of concrete damage model 

 
 
 

Eeb 

Strain (mm/mm) 

fy,eb 

Stress (MPa) 
NSC 

Solid 
element 

Index for node sharing 

Interface 
(0-mm spacing) 

Note:         Index for node sharing 

10-mm mesh for NSC 

10-mm mesh for UHPC 

Automatic 
single-surface 

contact 

10-mm mesh for equivalent beam element 

Interface 
(0-mm spacing) 

Equivalent beam element 

Equivalent beam 
element 

NSC 

UHPC 

A 

A’ 

UHPC 

Solid 
element 

(a) Side view of the FE model (RE-32) 

(b) Section A-A’ 

(c) Detailed bond interface modelling (d) Adopted characteristic for 
equivalent beam elements 
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Table 7: Material properties used in the numerical simulation for longitudinal steel and 
equivalent beam element. 

Longitudinal steel Equivalent beam element 

Implicit/explicit Implicit/explicit 
fy 

(MPa) 
Es 

(GPa) 
fy,eb 

(MPa) 
Eeb 

(GPa) 

502 200 
Equivalent maximum bond strength 

(τmax = 0.55 MPa [34]) 
Equivalent Young’s modulus of 

NSC 
Note: 
fy: Yield strength of longitudinal steel 
Es: Young’s modulus of longitudinal steel 
fy,eb: Yield strength of equivalent beam element 
Eeb: Young’s modulus of equivalent beam element 

 
For the numerical simulation under static loading, the detailed FE model could be found in [17, 
32, 33]. For the numerical simulation under cyclic loading, the rigid rollers and plates were 
used for loading application and supports (see Fig. 2), respectively. For blast simulation, similar 
to the cyclic simulation, rigid support plates were created and fixed in all directions. The general 
overview of FE model for blast response is shown in Fig. 16. In the blast simulation (explicit 
analysis), the damping effect was also considered with an assumed damping ratio of 5% same 
as described in Section 4. 
 
 
 
 
 
 
 

 
Figure 16: Configuration of FE model for blast simulation. 

 
5.1.3. Description of loading conditions 
 
In static analysis, as described in Section 3.1.1, two different loading rates of 2105 and 2103 
m/s were adopted for monotonic loading for implicit and explicit analyses, respectively. A 
three-point loading test setup was used for the specimens shown in Section 5.1.1. The 
monotonic loading was applied directly to the nodes at the mid-span of the specimens. The 
displacement-controlled loading was used. For cyclic loading, as described in Section 3.1.2, the 
loading rate of 2105 m/s was used for implicit analysis. For explicit analysis, the cyclic 
loading rate of 2103 m/s and the constant time step of dt = 1.5105 s were adopted. Two 
rigid rollers (see Fig. 2) were modelled and used for loading application. The boundary-
prescribed-motion-rigid with displacement-controlled loading was used. 
 
For blast loading, as described in Section 3.2, the load-blast-enhanced function was employed. 
The blast charge W was positioned at the distance R from the centre of the top surface of the 
specimens (see Fig. 16).  

Blast charge W 

Distance R 

Centre 

UHPC or NSC 

Supports 
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5.1.4. Description of parameter study for blast simulation 
 
In the present study, three different blast charge weights (W) of 1, 5, and 10 kg TNT were used 
for each specimen, and installed at a constant distance (R) of 1.5 m from the centre of the 
specimens. The blast simulation program is shown in Table 8. It should be noted that two 
additional simulations on reversed UHPC-concrete composite specimens, (RE-32)REV and (OV-
50)REV, were conducted. These investigations could reflect the effect of UHPC strengthening 
layer subjected to blast in comparison to the responses of the blasting on the NSC part of the 
composites. 
 

Table 8: Parameter study program for blast simulation on UHPC-concrete composite 
members. 

Description Specimen 
hU 

(mm) 
R 

(m) 
W 

(kg) 
Z 

(m/kg1/3) 

Non-composite NSC RE-0 

- 1.5 1 1.50 

- 1.5 5 0.88 

- 1.5 10 1.69 

Non-composite UHPC RE-100 

100 1.5 1 1.50 

100 1.5 5 0.88 

100 1.5 10 1.69 

UHPC-concrete composite 
(NSC faced to detonation) 

RE-32 

32 1.5 1 1.50 

32 1.5 5 0.88 

32 1.5 10 1.69 

OV-50 

50 1.5 1 1.50 

50 1.5 5 0.88 

50 1.5 10 1.69 

UHPC-concrete composite 
(UHPC faced to detonation) 

(RE-32)REV 

32 1.5 1 1.50 

32 1.5 5 0.88 

32 1.5 10 1.69 

(OV-50)REV 

50 1.5 1 1.50 

50 1.5 5 0.88 

50 1.5 10 1.69 
Note: 
hU: UHPC thickness 
R: Charge distance 
W: TNT equivalent charge 
Z: Scaled distance, Z = R/(W)1/3 

(specimen)REV: Composite specimens were turned upsidedown in order to investigate the effect of UHPC layer directly subjected to blast 
loading in comparison to the respective original layouts where NSC was subjected to blast. 

 
5.2. Simulation results under static loading 
5.2.1. Numerical results of monotonic loading 
 
Fig. 17 shows the comparisons of load-deflection curves obtained from static simulations and 
the experiments. It should be mentioned that the numerical results using implicit solver were 
conducted in the previous study [32]. However, the present study added new simulation results 
using explicit solver on all specimens presented in Section 5.1.1, except RE-32, which was 
previously reported in [33]. As seen from Fig. 17, the implicit and explicit load-deflection 
curves revealed the similar performance, and agreed well with the experimental results. Based 
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on this agreement, the implicit and explicit analyses are further conducted on cyclic response 
of the specimens in Section 5.2.2. 
 
As earlier discussed in Section 4.2, the numerical model developed using explicit method for 
the static behaviour of the structural members used for the blast response showed reasonable 
results. The numerical model using explicit method in this section, similar to the case in Section 
4.2, was adopted for the blast simulation of UHPC-concrete composite members. Simulated 
blast results are shown in Section 5.3. 
 

 
 

 
 

Figure 17: Comparisons of load-deflection curves obtained from numerical simulation under 
static loading. 

 
5.2.2. Numerical results of cyclic loading 
 
Fig. 18 compares the cyclic responses extracted from the implicit and explicit methods. It was 
observed that at given small range of cyclic displacements, the peak loads for both implicit and 
explicit methods agreed well, while at given large cyclic displacements, the cyclic peak loads 
obtained from implicit solver gave higher than those from explicit solver did. Although no 
experimental results were conducted to validate the numerical models, the cyclic simulations 
showed very promising results. The numerical model could be able to use for the improvement 
of the cyclic analysis. 
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Figure 18: Comparisons of load-deflection responses obtained for numerical simulation under 
cyclic loading. 

 
5.3. Simulation results under blast loading 
5.3.1. Blast response for non-composite NSC and UHPC specimens 
 
Fig. 19 shows the comparisons of the simulated blast responses of non-composite NSC 
specimen RE-0 and UHPC specimen RE-100 under three blast loading weights 1, 5, and 10 kg 
TNT. It can be clearly seen that UHPC significantly enhances blast resistance by reducing the 
maximum and residual deflection at the midspan of specimen RE-100 compared to those of the 
specimen RE-0. 
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Figure 19: Comparisons of simulated deflection-time histories for non-composite RE-0 (NSC) 
and RE-100 (UHPC). 

 
5.3.2. Blast response for UHPC-concrete composite specimens 
 
Fig. 20 compares the simulated deflection-time curves of composite specimen RE-32 with those 
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that the specimen RE-32, which was strengthened with 32-mm UHPC thickness, had same total 
height of 100 mm as RE-0 or RE-100 (see Fig. 14). The simulation response under low blast 
weight of 1 kg TNT showed the maximum deflection of RE-32 similar to that of RE-0 as shown 
in Fig. 20(a). It was, however, clearly seen from Fig. 20(b) and (c) that UHPC strengthening 
layer significantly improves the blast resistance compared to the conventional NSC specimen 
RE-0 under blast weights of 5 and 10 kg TNT.  
 

 
 

 
 

 
 

Figure 20: Comparisons of simulated deflection-time histories for UHPC-concrete composite 
specimen RE-32, and non-composite specimens RE-0 (NSC) and RE-100 (UHPC). 
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Figure 21: Comparisons of simulated deflection-time histories for UHPC-concrete composite 
specimen OV-50, and non-composite specimens RE-0 (NSC) and RE-100 (UHPC). 

 
Fig. 21 compares the simulated deflection-time curves of composite specimen OV-50 with 
those of RE-0 and RE-100. Once again, the simulated results of OV-50 showed that UHPC 
layer significantly improves the blast resistance compared to those of RE-0. It can be noted that 
the blast responses of UHPC specimen RE-100 showed high reduction maximum deflection 
compared to those of composite specimens RE-32 and OV-50. The improvement of blast 
resistance of RE-100 might be because of the UHPC facing directly to the detonation. It is, 
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therefore, of interest to investigate the effect of different positions of UHPC layer on the blast 
response. Results of this effect are described in the following section. 
 
5.3.3. Effect of position of UHPC strengthening layer 
 

 
 

 
 

 
 

Figure 22: Comparisons of simulated deflection-time histories of RE-32 and (RE-32)REV. 
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reversed composite UHPC-concrete specimens, which were named as (RE-32)REV and (OV-
50)REV. This was done to allow the position of UHPC layer to face directly towards the blast 
wave. The numerical results of (RE-32)REV and (OV-50)REV were obtained and compared to the 
respective original specimens RE-32 and OV-50 as shown in Figs. 22 and 23. The simulated 
deflection-time curves showed that the direct blast on UHPC layer for the reversion could serve 
a better improvement of the blast response. As seen in Figs. 22(c) or 23(c), the peak deflections 
of (RE-32)REV and (OV-50)REV were reduced compared to those of RE-32 and OV-50. 
 

 
 

 
 

 
 

Figure 23: Comparisons of simulated deflection-time histories of OV-50 and (OV-50)REV. 
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6. Conclusions 
 
The static and dynamic behaviour of composite RC members strengthened with UHPC using 
the FE modelling was presented. In the numerical simulation for static behaviour, both implicit 
and explicit methods in LS-DYNA were used. The numerical results were compared with the 
experimental results. For dynamic behaviour of composite UHPC-concrete members, blast 
simulations were conducted using explicit method developed in static FE model. The blast 
responses were carried out with parameter study including different blast charge weights. From 
this study, the conclusions could be drawn as follows. 
 
(1) The implicit and explicit methods could be used in the numerical simulation for static 

behaviour of composite UHPC-concrete members. Both methods could produce similar 
load-deflection curves by using individually different set of concrete damage model 
parameters. It showed that the simulation results agreed well with experimental results. 
 

(2) The dynamic behaviour of non-composite RC or UHPC members under blast loading was 
well predicted using the developed FE model. Using equal static model parameters of 
explicit method in the blast simulation, the simulated deflection-time histories fairly agreed 
with the blast test results in the literature.  

 
(3) The blast resistance response of composite UHPC-concrete members showed that UHPC 

strengthening layer significantly improves the blast resistance of the members. UHPC layer 
could reduce the maximum deflection as compared to the conventional RC members. 

 
(4) The comparison of the response of the UHPC layer positioned towards the detonation with 

that of the blast on NSC part was presented. It showed that the UHPC layer positioned with 
the face towards the detonation could result in a better control of the peak deflection at the 
same blast loads. 

 
(5) An adopted damping ration of 5% used throughout the blast simulations could yield a 

reasonable accuracy of the FE model. 
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Prediction of shear capacity of UHPC–concrete composite structural members based on 
existing codes 
 
Abstract 
 
Reinforced concrete (RC) structural members strengthened with ultrahigh-performance 
concrete (UHPC) have shown excellent performance in past experimental investigations. 
However, methods of predicting their capacity are currently very limited. This paper presents 
six independent methods of predicting the shear capacity of UHPC–concrete composite 
members based on the application of existing design codes. Three of these methods are based 
on the conversion of the volume fraction of steel fibres in the UHPC in an equivalent 
longitudinal steel ratio. The other three methods involve the computation of the shear strength 
as a sum of the contributions to the shear strength by the RC member and the UHPC layer, each 
of which is independently calculated. It was demonstrated that the proposed methods based on 
existing design codes are able to predict the strength of UHPC–concrete composite members 
with reasonable accuracy. 
 
Keywords: Ultrahigh-performance concrete; reinforced concrete; composite members; code 
prediction; shear strength; UHPC layer 
 
Introduction 
 
Recently, ultrahigh-performance concrete (UHPC) has been increasingly considered as a 
potential tool in strengthening reinforced concrete (RC) structural elements. Methods of using 
UHPC to strengthen parts of structures that fully exploit the outstanding properties of UHPC 
have been proposed by Brühwiler and Denarie (2008). They validated these methods using four 
full-scale applications. Their study has demonstrated that UHPC is excellently suited for use in 
either cast-in-situ or precast applications.  
 
Over the last two decades, many experimental studies have been conducted on UHPC–concrete 
composite members (Brühwiler, Denarie 2008; Alaee, Karihaloo 2003; Habel et al. 2007; 
Noshiravani, Brühwiler 2013; Yin et al. 2017). The excellent properties of UHPC in terms of 
strain hardening and energy absorption (Graybeal, Baby 2013; Habel 2004; Yoo, Banthia 2016; 
Graybeal 2005; Yoo, Yoon 2016; Wille et al. 2014) lead to members showing significantly 
improved structural performance after being strengthened with a UHPC layer. In addition, 
UHPC has been applied to the strengthening of RC members in the form of precast plates (Alaee, 
Karihaloo 2003), overlays (Habel et al. 2007; Noshiravani, Brühwiler 2013; Oesterlee 2010), 
and patch material for rehabilitation (Yin et al. 2017). UHPC has been shown to greatly 
influence the overall response of structural members, including their cracking development 
patterns, ultimate strength, and ductility.  
 
However, studies on analytical methods for the shear strength prediction of composite structural 
members have been very limited. Noshiravani and Brühwiler (2013) have reported an analytical 
model for the flexural–shear resistance of composite beams. They adopted an elastic–plastic 
fictitious composite hinge model for the cracking in RC members and considered the interaction 
between the two elements of the composite members; however, this method requires several 
analytical steps.  
 
For non-composite members, the structural capacity can be obtained using existing design 
codes. Several current design codes for RC structural members, such as ACI 318 (ACI 
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Committee 318 2008), or for fibre-reinforced concrete (FRC) members, such as ACI 544 (ACI 
Committee 544 1988), involve the calculation of the shear strength as the sum of the shear force 
resisted by normal-strength concrete (NSC) or UHPC and by shear reinforcement.  
 
To date, no design provisions have been made available for the prediction of the shear capacity 
of UHPC–concrete composite members. Methods that can be used to predict the shear capacity 
are therefore needed. Applications based on the modification of existing design models of RC 
or FRC structures could be useful because they are simple and easy to use.  
 
For this purpose, this paper introduces six methods of predicting the shear capacity of UHPC–
concrete composite members based on modifications to existing design models. Nine UHPC–
concrete composite slabs tested by Yin et al. (2017) were used to verify the proposed methods. 
The remainder of this paper is organized as follows. A brief description of the current design 
models for non-composite members is provided. The six methods are then described in detail, 
and the predicted shear capacities are verified against test results. Moreover, the predicted 
failure mode derived from the calculated flexural moment reported by Shirai et al. (2018) is 
discussed. In addition, the present paper expands on a previous study (Yin et al. 2018) by adding 
new methods, results, and findings. 
 
1. Description of specimens and test results  
1.1. Geometric details of specimens 
 
This section gives the parameters of RC slabs strengthened with various UHPC configurations 
that were previously tested by Yin et al. (2017) and summarises the test results, which were 
used to validate the analytical methods in the present study. The full details of the previous 
experiment can be found in the original document (Yin et al. 2017). 
 
Nine slabs were tested in the previous study. Five were classified into the RE series, which had 
UHPC patches of different thicknesses applied in the tension zone for the repair and 
rehabilitation of the structural members. All slabs in the RE series had five high-tensile-strength 
rebars of 12 mm in diameter at the top and bottom, as shown in Fig. 1. The other four slabs 
were classified as the OV series and had similar cross-sectional dimensions as RE series but 
with two additional UHPC overlay patches strengthening the tension zone. There were two slab 
specimens for each considered overlay thickness: one was not reinforced, whereas the other had 
five high-tensile-strength rebars of 10 mm in diameter as longitudinal reinforcement. The 
geometric and reinforcement details of the experimental specimens are summarised in Table 1. 
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Fig. 1. Test system and specimen details (Yin et al. 2017). 
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Table 1. Details of the specimens (Yin et al. 2017). 

Specimen 

Geometric Longitudinal reinforcement 

b 
(mm) 

h 
(mm) 

hU  
(mm) 

As 
(mm2) 

As 

(mm2) 
AsU 

(mm2) 

T12 T10 
fy  

(MPa) 
fmax 

(MPa) 
fy 

(MPa) 
fmax 

(MPa) 
RE-0 300 100 – 565 565 – 501.6 564.7 – – 

RE-20 300 100 20 565 565 – 501.6 564.7 – – 

RE-32 300 100 32 565 – 565 501.6 564.7 – – 

RE-50 300 100 50 565 – 565 501.6 564.7 – – 

RE-100 300 100 100 565 – 565 501.6 564.7 – – 

OV-25 300 125 25 565 565 – 501.6 564.7 – – 

OV-25a 300 125 25 565 565 393 501.6 564.7 474.9 506.6 

OV-50 300 150 50 565 565 – 501.6 564.7 – – 

OV-50a 300 150 50 565 565 393 501.6 564.7 474.9 506.6 
Note: 
b  width of the specimen 
h  height of the specimen 
hU  thickness of the UHPC layer 
A’s  area of the top longitudinal reinforcement 
As  area of the bottom longitudinal reinforcement 
AsU  area of the longitudinal reinforcement provided in the UHPC layer 
fy  yield strength of the longitudinal reinforcement 
fmax  maximum strength of the longitudinal reinforcement 

 

1.2. Material properties 
 
The average mechanical properties of the NSC and UHPC tested at day 28 are listed in Table 
2. UHPC with a steel fibre volume fraction of 3% was adopted. Straight steel fibres of 13 mm 
in length and 0.2 mm in diameter were used. The detailed UHPC mix design and the procedures 
for the preparation of the slabs can be found in the original document (Yin et al. 2017). The 
longitudinal reinforcement properties are given in Table 1. 
 

Table 2. Average mechanical properties of concrete (Yin et al. 2017). 

Material 
Compressive strength 

(MPa) 
Flexural strength 

(MPa) 
Young’s modulus 

(GPa) 
NSC 23 – 22.5§ 

UHPC 153 27.4 58.1§ 
§ Calculated using Ec = 4700(fc)0.5 where fc is the compressive strength in megapascals (ACI Committee 318 
2008). 

 
1.3. Summary of test results 
 
Fig. 2 shows typical crack patterns of the RE and OV series after testing. The specimens in the 
RE and OV series mainly failed in flexure and shear, respectively. The debonding of the UHPC 
from the RC members induced by shear cracks was also observed in the OV series.  
 
Fig. 3(a) and (b) illustrates the load–deflection curves of the specimens of the RE and OV series, 
respectively. As shown in Fig. 3(a), all rehabilitated slabs (RE-20, RE-32, and RE-50) 
experienced extensive deflection hardening and ductility during the post-cracking stage. 
Although no improvement to the ultimate load was found in any of the rehabilitated slabs in 
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comparison with RE-0 (Fig. 3(a)), it was reached at a larger displacement as a result of the 
excellent energy absorption capabilities of the rehabilitated slabs (Yin et al. 2017). 
 
For the OV series (Fig. 3(b)), because of the strengthening effect, including the increase in the 
total specimen height, the RC members with a UHPC layer in the tension zone showed an 
enhanced overall response, including improved stiffness and load carrying capacity, in 
comparison with RE-0. Although the initial stiffness of the specimens containing reinforcing 
bars in the UHPC did not seem to differ from that of the specimens without rebar, as 
demonstrated by the similarity in the behaviour of OV-50 and OV-50a, the reinforcing bars in 
the UHPC increased the ultimate load of the members relative to their non-reinforced 
counterparts (Yin et al. 2017). 
 
 

 

 
 
 
 

 
 

 
 

Fig. 2. Typical crack patterns observed for the specimens in the RE and OV series (Yin et 
al. 2017). 

 

 
 

Fig. 3. Load–deflection curves of the test specimens (Yin et al. 2017). 
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Current design provisions for non-composite RC members, including ACI 318 (ACI Committee 
318 2008), EC2 (Eurocode 2: EN 1992-1-1 2004), and JSCE-2007 (JSCE Concrete Committee 
2010), adopt similar approaches for calculating the nominal shear capacity Vn as a sum of the 
contributions of the transverse reinforcement, Vs, and the concrete, Vc, as follows 
 

Vn = Vs + Vc.          (1) 
 
For shear reinforcement (stirrups), Vs is given as Vs = Aswfytd/s, where Asw is the area of shear 
reinforcement, fyt is the yield strength of stirrups, d is the effective depth, and s is the spacing 
of the stirrups. For concrete, Vc can be expressed as follows for the considered design codes. 

 
 Design code ACI 318 
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,        (2) 

 
where λ is the reduction factor, fc [MPa] is the compressive strength of concrete, ρs is the 
longitudinal ratio, Vu is the shear force, Mu is the ultimate moment, d is the effective depth, and 
bw is the web width. 

 
 Design code EC2 
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where γc is the concrete safety factor, ρs is the longitudinal ratio, fck [MPa] is the concrete 
strength, d is the effective depth, bw is the web width, and k is the size effect factor. Here, k is 
given by 
 

0.2
200

1 
d

k   (d in mm).       (4) 

 
 Design guideline JSCE-2007 
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Here, 
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)0(
4

1 '0  d
ud

n N
M

M
 , where βn ≥ 0. 

 
In these formulae, Nd is the design axial compressive force, Mud is the flexural capacity 
without consideration of the axial force, M0 is the flexural moment necessary to cancel the 
stress due to the axial force at the extreme tension fibre, bw is the web width, d is the effective 
depth, pv is the reinforcing bar ratio (pv = As/(bwd)), As is the area of tension reinforcement, fcd 
is the design compressive strength of concrete, and γb (= 1.3) is the member factor. 

 
2.2. Design shear strength models for FRC members 
 
The current design guidelines for FRC members ACI 544 (ACI Committee 544 1988), MC 
2010 (CEB-FIB Model Code 2010), and JSCE (2006) (JSCE Concrete Committee 2006) can 
be summarised as follows. 
 
 Design guideline ACI 544 
 
This design code gives the nominal shear strength Vn for FRC members as  
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where fct is the tensile strength of FRC, a is the distance from the loading point to the support, 
d is the effective depth, and bw is the web width. It is important to note that the empirical formula 
does not account for factors widely recognised as significantly influencing the shear strength, 
including the fibre length, fibre type, and the longitudinal rebar ratio.  
 

 Design guideline MC 2010 
 
This code provides the shear strength for FRC members with or without shear reinforcement 
(stirrups). The nominal shear strength Vn can be expressed as  

 
Vn = Vc,F + Vs,           (7)  
  
where Vc,F is the FRC contribution to the shear strength and Vs is the shear strength provided 
by the stirrups. 
 
In this code, the contribution of fibres to the shear capacity may be taken into account; however, 
it is recommended to use this code only when the FRC exhibits hardening tensile behaviour. 
Instead of separately predicting the fibrous contribution, the FRC shear contribution Vc,F is 
estimated solely by modifying the formula for RC members (Eq. (3)) by adding an extra term, 
as 
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where γc is the safety factor, ρs is the longitudinal ratio, fFtuk is the characteristic value of the 
ultimate residual tensile strength for the FRC, fctk is the characteristic value of the FRC tensile 
strength, fck [MPa] is the concrete strength, d is the effective depth, bw is the web width, and k 
is the size effect factor. Here, k is given by 
 

0.2
200

1 
d

k   (d in mm),       (9) 

 
and Vs is given as 
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w

s zf
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In these formulae, Aw is the cross-sectional area of the stirrups, s is the spacing of stirrups, fywd 
is the design yield strength of the stirrups, θ (= 45°) is the angle between the concrete 
compression strut and the beam axis perpendicular to the shear force,  is the angle between 
shear reinforcement and the beam axis perpendicular to the shear force, and z is the inner lever 
arm and is recommended to be set to z = 0.9d. 
 
 Design guideline JSCE (2006) 
 
This recommendation considers the contributions of the cement matrix and the steel fibres to 
the shear strength of the ultrahigh-strength fibre-reinforced concrete members. According the 
recommendation, the nominal shear strength Vn is given as  

 
Vn = Vc + VF + Vped,          (11) 

 
where Vc is the contribution of the cement matrix to the shear strength of a member that has no 
shear reinforcement (stirrups), VF is the contribution of the reinforced fibres, and Vped is the 
component of effective tensile force of the longitudinal tendons. 
 
Vc is calculated as 
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where fcd [MPa] is the design compressive strength, bw is the web width, d is the effective depth, 
and γb (= 1.3) is the member factor. 
 
VF is given by 
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where fvd is the design average tensile strength perpendicular to diagonal cracks, βu (> 30°) is 
the angle between the member axis and a diagonal crack, z is the inner lever arm and is 
recommended to be set to d/1.15, and γb is the member factor that can be taken as 1.3. 
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In the recommendation, because of the fibre orientation included in the design models, fvd can 
be determined as 

 

 
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where w is the crack width, wlim is the limit value of the crack width and generally taken as 0.3, 
σk(w) and σd(w) are tensile softening curves, and γc (= 1.3) is the material factor. 
 
Vped in the recommendation is expressed as 
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V


sin
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where Ped is the effective tensile force of the tendons, αp is the angle formed by the tendons and 
the member axis, and γb (= 1.1) is the member factor. 
 
3. Shear strength of UHPC–concrete composite members 
3.1. Overview 
 
The methods of predicting the shear strength of UHPC–concrete composite members proposed 
in the present study is based on the existing design formulae explained in Section 2 (ACI 318, 
EC2, JSCE-2007, ACI 544, MC 2010, and JSCE (2006)). In addition, Noshiravani and 
Brühwiler (2013) and Yin et al. (2017) have reported that the predominant contributor to the 
shear strength of composite members is the web of the RC members. The results of their studies 
suggest that the shear contribution of thin UHPC layers may be relatively small. The shear 
capacity may depend on the tensile strength of the UHPC, which may be dominated by steel 
fibres, and/or the mechanical weak bond interface between the UHPC and the RC members. 
 
For this purpose, six different methods were individually proposed to compute the nominal 
shear resistance of UHPC–concrete members. Three of them, named Methods A1, A2, and A3, 
were based on converting the volume fraction of steel fibres to the equivalent longitudinal steel 
ratio. The remaining three methods, named Methods B1, B2, and B3, involve summing the two 
contributions Vc and VUHPC to the shear resistance, where Vc is the contribution of the RC 
members and VUHPC is the contribution of the UHPC layer. It should be mentioned that because 
the specimens used in this study had no shear reinforcement, the shear strength of the 
reinforcement was omitted. In addition, although Methods A1, A3, and B1 have been presented 
previously (Yin et al. 2018), prediction from other existing codes were investigated in this study 
to further demonstrate their accuracy. 
 
3.2. Methods of converting the volume fraction of steel fibres 
 
Methods A1, A2, and A3 for the UHPC–concrete composite members were based on the current 
design codes for RC members ACI 318, EC2, and JSCE-2007, respectively. The composite 
members were modelled as equivalent RC members by considering the contribution of the steel 
fibres in the UHPC to the equivalent longitudinal rebar ratio. This approach was adopted 
because the contribution of the UHPC layer to the shear capacity of the composite members 
may depend on the tensile strength of the UHPC when the volume fraction of steel fibres is 
high (Noshiravani, Brühwiler 2013; Yin et al. 2017; Yin et al. 2018). 
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In the present study, the equivalent rebar ratio ρ was given as 
 
ρ = ρs + ρeq,F,           (16) 
 
where ρs is the rebar ratio of the RC members and ρeq,F is the equivalent ratio of the volume 
steel fibres. ρs is given as 
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where As is the area of the longitudinal rebar, d is the effective depth, and bw is the width of the 
specimen sections. ρeq,F is calculated as 
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where fct is the tensile stress of UHPC and is taken as fct = 0.3(fc)2/3 with fc [MPa] the 
compressive strength of UHPC; fy is the yield strength of the longitudinal rebar; AUHPC (= bwhU) 
and ARC (= bwd) are the areas of the UHPC and RC part, respectively; bw is the width; hU is the 
UHPC thickness; d is the effective depth; and %Vol. is the volume ratio of steel fibres. The 
effective depth d was assumed to be  
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where hc is the height of the RC members. 
 
Therefore, the shear strength Vn,compos of the UHPC–concrete composite members can be 
expressed as follows based on the considered design codes. 
 
(a) Method A1: Based on ACI 318 
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where λ is the reduction factor, fc [MPa] is the compressive strength of NSC, Vu is the shear 
force, Mu is the ultimate moment, d is the effective depth, bw is the web width, ρs is the 
longitudinal ratio, and ρeq,F is the equivalent volume ratio of steel fibres (Eq. (18)). 

 
(b) Method A2: Based on EC2 
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where γc is the concrete safety factor, k is the size effect factor, bw is the web width, d is the 
effective depth, fck [MPa] is the compressive strength of NSC, ρs is the longitudinal ratio, and 
ρeq,F is the equivalent volume ratio of steel fibres (Eq. (18)). 
 
(c) Method A3: Based on JSCE-2007 
 

b

wvcdnpd
c

dbf
V




 .         (22) 

 
Here, 

3 '2.0 cdvcd ff     (fcd in MPa), where fvcd ≤ 0.72 MPa; 

4
1000

dd      (d in mm), where βd ≤ 1.5; 

3
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M
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4
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M

M
 ,  where βn ≥ 0. 

 
In these formulae, γb (= 1.3) is the member factor, Nd is the design axial compressive force, 
Mud is the flexural capacity without consideration of the axial force; M0 is the flexural moment 
necessary to counteract the stress due to the axial force at the extreme tension fibre, fcd is the 
design compressive strength of concrete, bw is the width, d is the effective depth, As is the area 
of tension reinforcement, pv (= As/(bwd)) is the reinforcing bar ratio, and ρeq,F is the equivalent 
ratio of the volume steel fibres (Eq. (18)). 
 
3.3. Methods based on summing the two shear contributions  
 
In Methods B1, B2, and B3, the shear contributions Vc and VUHPC of the UHPC–concrete 
composite members are independently computed and summed. The RC contribution Vc was 
obtained using the current design codes for RC members, ACI 318, EC2, and JSCE-2007. For 
the UHPC contribution VUHPC, the three design guidelines ACI544, MC 2010, and JSCE (2006) 
were employed. The calculation was based on the assumption that the UHPC–concrete 
composite members can be considered as two independent parts (the NSC and UHPC 
components) that simultaneously fail at the same time. Although this assumption may not 
correspond to the shear patterns of the actual tests on UHPC in the composite members 
conducted by Yin et al. (2017), for the sake of simplicity and to allow comparison with the 
other methods, this assumption was adopted. The nominal shear strength Vn,compos could then be 
given as follows based on the considered design codes. 
 
(a) Method B1: Based on ACI 318 and ACI 544 
 

ACI318 ,ACI544n,compos c, UHPCV V V  ,        (23) 

 
where Vc,ACI318 is obtained by Eq. (2) for the NSC component and VUHPC,ACI544 for the UHPC 
component is given as 
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0.25

,ACI544

2

3UHPC ct w
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V f b d

a
   
 

.        (24) 

 
In these formulae, the tensile strength fct of the UHPC was taken as 0.3(fc)2/3, where fc [MPa] 
is the compressive strength of UHPC. Additionally, the effective depth d of the UHPC was 
assumed to be hU/2, hU is the thickness of UHPC, a is the distance from loading point to support, 
and bw is the web width. 
 
(b) Method B2: Based on EC2 and MC 2010 
 

EC2 ,MC2010n,compos c, UHPCV V V  ,         (25) 

 
where Vc,EC2 is obtained by Eq. (3) for the NSC component and VUHPC,MC2010 for the UHPC 
component is given as 
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In these formulae, the tensile strength fctk of the UHPC was calculated as 0.3(fc)2/3, where fc 
[MPa] is the compressive strength of UHPC, and the effective depth of UHPC was set to d = 
hU/2, where hU is the thickness of the UHPC. Furthermore, fFtuk is the characteristic value of the 
ultimate residual tensile strength for UHPC obtained from the crack opening wu (= 1.5 mm). 
Because the experiments on UHPC in this study were not conducted to determine the value of 
fFtuk, the fFtuk/fctk ratio was taken as approximately 0.62. This estimate was based on the work by 
Gowripalan and Gilbert (2000), in which the tensile strength of UHPC was related to the crack 
opening wu. Additionally, γc is the safety factor, k is the size effect factor, ρs is the longitudinal 
ratio, bw is the web width, and fck [MPa] is the characteristic compressive strength of UHPC. 
 
(c) Method B3: Based on JSCE-2007 and JSCE (2006) 
 

JSCE-2007 JSCE(2006)n,compos c, UHPC,V V V  ,        (27) 

 
where Vc,JSCE-2007 is obtained by Eq. (5) for the NSC component and VUHPC,JSCE(2006) for the 
UHPC component is computed as 
 

,JSCE(2006)UHPC c FV V V  .         (28) 

 
Here, Vc and VF are given by Eqs. (12) and (13), respectively. Substituting Vc and VF into Eq. 
(28) yields VUHPC,JSCE(2006) as 
 

 '

,JSCE(2006)

/ tan0.18 vd u wcd w
UHPC

b b

f b zf b d
V


 

  .      (29) 

 



 

123 
 

In these formulae, the effective depth d of the UHPC component was assumed to be d = hU/2. 
In the present study, the angle βu was taken as 45°; fvd was approximated as fvd = ftk/γc, where ftk 
was calculated as ftk = 0.3(fcd)2/3 with fcd [MPa] the design compressive strength; γb is the 
member factor; bw is the web width; z is the inner lever arm; and hU is the thickness of the 
UHPC component.  
 
4. Prediction and verification 
4.1. Predicted shear strength 
 
The shear force Vn,exp was experimentally obtained as Vn,exp = Pu/2, where Pu is the ultimate load, 
and the nominal shear force Vn,compos was predicted using the methods in Section 3. The 
experimental-to-predicted shear strength ratio Vn,exp/Vn,compos for the OV (specimens failed in 
shear) and RE (specimens mainly failed in flexure) series were calculated and are listed in 
Tables 3 and 4, respectively. Tables 3 and 4 also provide the means and coefficients of variation 
(COVs) for the Vn,exp/Vn,compos ratios of each series. 
 
The predicted shear strength for the OV series specimens, which experimentally failed in shear, 
shown in Table 3 agreed reasonably well with the experimental results. From Table 3, the 
predictions based on the converting the volume fraction of steel fibres were found to yield a 
better accuracy than those obtained using the sum of the two contributions to the shear strength. 
The modification of ACI 318 (Method A1), EC2 (Method A2), and JSCE-2007 (Method A3) 
yielded mean Vn,exp/Vn,compos ratios of 1.18, 1.16, and 1.25 and COVs of 18.8%, 16.1%, and 
14.6%, respectively. Regarding the methods adopting the sum of the two shear strength 
contributions, Methods B1, B2, and B3 yielded mean Vn,exp/Vn,compos ratios of 1.31, 1.41, and 
0.92 and COVs of 15.9%, 30.8%, and 39.7%, respectively. In addition to the OV series, 
although the RE series specimens failed experimentally in flexure, the shear strengths of these 
specimens were calculated and are listed in Table 4 for reference. For all adopted design 
formulae for the RE series, the mean Vn,exp/Vn,compos ratios and COVs ranged from 0.84 to 1.23 
and from 16.1% to 48.6%, respectively. 
 

Table 3. Predicted and experimental shear strength results (OV series including RE-0).  

Specimen 
Experimental results 

Predicted shear strength 

Vn,exp/Vn,compos 
Vn,exp 
(kN) 

Failure 
mode 

Method 
A1 

Method 
A2 

Method 
A3 

Method 
B1 

Method 
B2 

Method 
B3 

RE-0 30.54 Shear 1.57* 1.48* 1.54* 1.57* 1.48* 1.54* 

OV-25 36.78 Shear 1.15 1.13 1.18 1.33 1.78 0.86 

OV-25a 38.98 Shear 1.13 1.07 1.17 1.41 0.99 0.91 

OV-50 38.99 Shear 1.02 1.00 1.06 1.01 1.88 0.59 

OV-50a 47.53 Shear 1.15 1.11 1.29 1.23 0.94 0.72 

Mean - - 1.18 1.16 1.25 1.31 1.41 0.92 

COV - - 18.8% 16.1% 14.6% 15.9% 30.8% 39.7% 
Note:  
* Vn,compos is obtained from an RC design code (i.e., Eqs. (2), (3) and (5))  

 
The shear forces of the OV series specimens are plotted in Fig. 4. As shown in these plots, all 
design formulae except Method B3 (Fig. 4(f)) yielded estimates safely below the target line or 
approximately agreed with the target line representing Vn,exp = Vn,compos. To further compare the 
predicted and experimental shear forces of each of the OV series specimens, the results were 
plotted in a bar chart, as shown in Fig. 5. From Fig. 5, all adopted design codes showed 
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promising results. It is of interest that the formulae for Methods B1 and B3 do not include a 
term for the ratio of the longitudinal rebar. The predicted shear strengths were the same at the 
same UHPC thickness, as can be seen by comparing the OV-25 and OV-25a results and the 
OV-50 and OV-50a results. For Method B2, the prediction greatly underestimated the actual 
strengths in the cases of OV-25 and OV-50 because no steel rebar was present in the UHPC 
(i.e., the UHPC shear contribution was zero in Eq. (26)).  
 

Table 4. Predicted and experimental shear strength results (RE series).  

 
 

Specimen 
Experimental results 

Predicted shear strength 
Vn,exp/Vn,compos 

Vn,exp 
(kN) 

Failure 
mode 

Method 
A1 

Method 
A2 

Method 
A3 

Method 
B1 

Method 
B2 

Method 
B3 

RE-0 30.54 Shear 1.57* 1.48* 1.54* 1.57* 1.48* 1.54* 

RE-20 28.59 
Flexure-

shear 
1.14 1.05 1.09 1.14 1.48 0.77 

RE-32 21.84 Flexure 0.90 0.79 0.88 1.15 0.88 0.74 

RE-50 27.69 Flexure 1.21 1.00 1.25 1.07 0.63 0.52 

RE-100 56.48 Flexure 1.22** 0.84** 0.61** 1.22** 0.84** 0.61** 

Mean - - 1.21 1.03 1.07 1.23 1.06 0.84 

COV - - 19.9% 26.4% 33.0% 16.1% 37.0% 48.6% 
Note:  
* Vn,compos is obtained from an RC design code (i.e., Eqs. (2), (3), and (5)) 
** Vn,compos is obtained from an FRC design code (i.e., Eqs. (6), (8), and (11)) 
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Fig. 4. Predicted shear forces plotted against experimental results for OV series specimens 
(including RE-0). 
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Fig. 5. Shear capacities for OV series specimens (including RE-0). 

 
4.2 Prediction of failure mode 
 
In the present study, failure mode prediction was conducted using the shear force Vfle given by 
the flexural moment Mfle computed using the method reported by Shirai et al. (2018). This shear 
force Vfle was compared with those Vn,compos obtained using the six methods adopted in the shear 
strength prediction (Section 4.1). The calculation method and the flexural moment Mfle results 
are summarised as follows:  
 
In accordance with the method by Shirai et al. (2018), the flexural moment of the UHPC–
concrete members was computed based on the equilibrium with geometrical compatibility in a 
section of the members. A representation of the assumed stresses and strains in the UHPC–
concrete section is shown in Fig. 6. 
 

 
 

Fig. 6. Calculation assumptions for the flexural strength of the UHPC–concrete members 
(Shirai et al. 2018). 

 
From Fig. 6, the equilibrium equation is expressed as 
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where 
'0.85c c n wC f x b  

' '
sc s sC A  

st sU sUT A   

UHPC UHPC tT A  . 

 
The flexural moment capacity Mfle is then given by 
 

' ' '
2 2 2

n n n
fle s s UHPC t U s s

x x x
M A d A d A d

                   
     

.    (31) 

 
bw = width of the specimen. 
d = distance from the top of the concrete surface to the radial centre of the top rebar. 
d = assumed effective depth (Fig. 6). 
dU = distance from the top of the concrete surface to the centre of the UHPC layer (dU = hC + 
hU/2). 
hC = height of RC member. 
hU = thickness of UHPC.  
xn = distance between the top surface and neutral axis (Fig. 6). xn can be obtained using the 
strain compatibility and equilibrium condition and checking the strain level in the reinforcement 
rebar. 
fc = compressive strength of concrete. 
α = factor relating the depth of equivalent rectangular compressive stress block to neutral axis 
depth and it shall be taken as 0.85 in the present study (ACI 318). 
As = area of top rebar. 
As = area of bottom rebar. 
AsU = area of longitudinal rebar in UHPC. 
AUHPC = area of UHPC (AUHPC = bwhU). 
σs = stress of top rebar. 
σs = stress of bottom rebar. 
σsU = stress of longitudinal rebar in UHPC. 
σt = tensile stress of UHPC obtained by adopting the formulation provided by ACI 544 as 
 

 0.00772t f bel d F  ,         (32) 

 
where l is the fibre length, d is the effective depth, ρf is the volume fraction of steel fibres, and 
Fbe is a factor describing the bond efficiency of the fibres. More details can be found in ACI 
544.  
 
The experimental-to-predicted moment capacity ratios Mu,exp/Mfle for specimen RE series are 
listed in Table 5. For the ratios reported in Table 5, Mu,exp is the ultimate moment experimentally 
obtained as Mu,exp = Vn,expa, where a is the distance from the loading point to the support. As 
shown in Table 5, the predicted and experimental flexural moments for the RE series showed 
good agreement with a mean Mu,exp/Mfle ratio of 1.01 and a COV of 13.6% (Shirai et al. 2018).  
 
In the present study, the expected failure mode was evaluated from the ratio Vn,compos/Vfle. When 
Vn,compos/Vfle < 1, the failure mode was expected to be shear failure, and flexure failure was 
expected otherwise. As shown in Table 5, although the predicted failure modes did not agree 
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with the experimental modes in all calculation cases, it may be worthwhile to consider these 
predicted failure modes. Among the considered prediction methods, the most accurate were 
Methods A2 (based on EC2) and B3 (based on JSCE-2007 and JSCE (2006)). 
 
Table 5. Predicted failure modes for RE series specimens based on the previously computed 

flexural moment.  

Specimen 

Experimental 
results 

Predicted 
flexural 
strength 

Predicted shear strength and failure mode 

Vn,compos/Vfle 
(Predicted failure mode) 

Mu,exp 
(kNm) 

Failure 
mode 

Mu,exp/ 
Mfle 

Vfle 
(kN) 

Method 
A1 

Method 
A2 

Method 
A3 

Method 
B1 

Method 
B2 

Method 
B3 

RE-0 18.32 Shear 1.18 25.85 
0.75 

(Shear) 
0.80 

(Shear) 
0.77 

(Shear) 
0.75 

(Shear) 
0.80 

(Shear) 
0.77 

(Shear) 

RE-20 17.15 
Flexure-

shear 
1.07 26.78 

0.94 
(Shear) 

1.02 
(Flexure) 

0.98 
(Shear) 

0.94 
(Shear) 

0.72 
(Shear) 

1.39 
(Flexure) 

RE-32 13.10 Flexure 0.80 27.19 
0.89 

(Shear) 
1.02 

(Flexure) 
0.91 

(Shear) 
0.70 

(Shear) 
0.91 

(Shear) 
1.09 

(Flexure) 

RE-50 16.61 Flexure 1.00 27.59 
0.83 

(Shear) 
1.00 

(Flexure) 
0.80 

(Shear) 
0.94 

(Shear) 
1.59 

(Flexure) 
1.93 

(Flexure) 

RE-100 33.88 Flexure 0.99 56.91 
0.81 

(Shear) 
1.18 

(Flexure) 
1.63 

(Flexure) 
0.81 

(Shear) 
1.18 

(Flexure) 
1.63 

(Flexure) 

Mean - - 1.01 - - - - - - - 

COV - - 13.6% - - - - - - - 

Note: 
Vfle = shear force obtained at the calculated flexural moment Mfle. 

 
Conclusions 
 
A total of six methods of predicting the shear capacity of UHPC–concrete composite members 
based on existing design codes were presented in this paper. The predicted shear strength of RC 
slabs strengthened with various UHPC configurations in the tensile zone were verified against 
experimental results. From the assessments conducted in this study, the following conclusions 
were reached. 
 

1. The shear strength of UHPC–concrete members obtained using the methods based on 
converting the volume fraction of steel fibres generally provided better prediction results 
than the methods adopting the sum of the two shear strength contributions Vc and VUHPC.  
 

2. The methods based on converting the volume fraction of steel fibres, Methods A1, A2, 
and A3, yielded predicted shear strengths for the OV series specimens with mean 
Vn,exp/Vn,compos ratios of 1.18, 1.16, and 1.25 and COVs of 18.8%, 16.1%, and 14.6%, 
respectively. The methods summing the two components, Methods B1, B2, and B3, 
yielded mean Vn,exp/Vn,compos ratios of 1.31, 1.41, and 0.92 and COVs of 15.9%, 30.8%, 
and 39.7%, respectively.  
 

3. The failure modes determined from the predicted shear force obtained at the predicted 
flexural moment and those obtained using the adopted methods for the shear force 
prediction were compared. The failure modes predicted using Methods A2 and B3 were 
found to be the most accurate among the six methods.  
 

4. From the present study, the proposed methods for UHPC–concrete members based on 
modifications to existing design models yielded promising results with reasonable 



 

129 
 

accuracy. However, a more realistic and accurate model for UHPC–concrete members 
is needed in future work. 
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Prediction of flexural strength of UHPC-concrete composite members based on existing 
design models 
 
Abstract 
 
Ultra-high performance concrete (UHPC) is an advancement in concrete technology. UHPC 
can be defined by its exceptional properties including high strength, high stiffness, and high 
ductility. Recently, UHPC have been studied for strengthening conventional reinforced 
concrete (RC) structural members. Owing to the excellent properties of UHPC, the strengthened 
members or UHPC-concrete composite members have significantly improved the structural 
performance in previous studies. However, methods to predict the capacity of the UHPC-
concrete composite members are very limited in the past. In the present study, a simple method 
based on the existing design models for the prediction of the flexural strength of the composite 
RC members strengthened with UHPC at the tension zone was presented. The rectangular stress 
block diagrams for compression and tension zone of the conventional concrete and UHPC layer 
in the composite section were assumed, respectively. The prediction results showed good 
agreement with the experimental results. This demonstrated that the proposed method was able 
to predict the flexural strength of UHPC-concrete composite members. 
 
Keywords: Flexural moment capacity, strength prediction, design code, RC structures, UHPC 
strengthening, rehabilitating, composite behaviour 
 
Introduction 
 
Over the last decades, ultra-high performance concrete (UHPC), which was initially developed 
by Richard and Cheyrezy (1995), has been applied to the construction field either by cast in-
situ or by prefabricated panels. UHPC, a cementitious concrete material, is defined by its 
superior mechanical properties such as high strength (> 150 MPa in compression and > 8 MPa 
in tension), strain hardening, low permeability, and energy absorption (Wille et al. 2014; 
Graybeal, Baby 2013; Alkaysi et al. 2016). 
 
Recently, several studies on conventional RC members strengthened with UHPC layer have 
been conducted (Brühwiler, Denarie 2008; Habel et al. 2007; Noshiravani, Brühwiler 2013; Yin 
et al. 2017). According to Brühwiler and Denarie (2008), UHPC has been applied to strengthen 
parts of reinforced concrete (RC) structures in full-scale applications. It showed that UHPC 
development is mature to be used as a suitable material for strengthening RC structures. In 
addition, many UHPC-concrete composite members were experimentally tested (Habel et al. 
2007; Noshiravani, Brühwiler 2013; Yin et al. 2017). Results showed that UHPC layer enhances 
the structural performance. 
 
Although the structural performance of UHPC-concrete composite members is significantly 
enhanced by UHPC strengthening, the analytical models of the flexural strength are very limited 
(Alaee, Karihaloo 2003; Habel et al. 2006; Noshiravani, Brühwiler 2013). Those models were 
based on moment-curvature relationships through the cross-sectional analysis; however, several 
analytical steps were required.  
 
For RC members or fibre reinforced concrete (FRC) members, the flexural strength can be 
obtained from the existing design models (ACI Committee 318 2008; ACI Committee 544 
1998). According to ACI Committee 318 (2008), the moment capacity can be computed using 
a simplified stress block diagram. Whereas, the tensile stress of normal strength concrete (NSC) 
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is generally negligible, that of FRC or UHPC should be taken into account because UHPC has 
high tensile strength (> 8 MPa). 
 
However, no design models have been made available for UHPC-concrete composite members. 
Therefore, development of analytical models for composite models is certainly needed. Use 
with modification of the existing design models for non-composite RC or FRC members would 
be useful because they are simple and easy to use. 
 
For this purpose, in the present study, a simple method based on modification of existing design 
models for the flexural strength calculation for UHPC-concrete composite members is proposed. 
This paper was organised as follows. Experimental data tested by previous study (Yin et al. 
2017), which was used to verify the proposed method is briefly described in Section 1. Section 
2 reviews the existing design models for non-composite RC or FRC members. The proposed 
method for the flexural strength of UHPC-concrete composite members is presented in Section 
3. Sections 4 and 5 shows the discussion on the flexural moment calculation results and 
predicted failure modes, respectively. Furthermore, the present paper expands on a previous 
study (Shirai et al. 2018) by adding new results and findings. 
 
1. Database description and results 
1.1. Specimen details 
 
Nine specimens tested by Yin et al. (2017) were used to verify the flexural strength calculation 
in the present study. Two of them were non-composite specimens made of NSC and UHPC; 
namely, RE-0 and RE-100, respectively. The remaining seven specimens were UHPC-concrete 
composite specimens, which were strengthened with various UHPC configurations in the 
tension zone as shown in Fig. 1. The overall of test system was illustrated in Fig. 1(a). 
 
The specimens were grouped into two series. The first series labelled as RE series was consisted 
of five specimens and the second was OV series consisted of four specimens as shown in Fig. 
1(b) and (c), respectively. For RE series, the composite specimens were strengthened with 
UHPC as patch material for repair and rehabilitation of structural members. In practice, when 
the deterioration in RC structures occurs, the deteriorated concrete was often removed and 
repair material are applied to the concrete substrate. For OV series, two additional thicknesses 
of UHPC overlay of 25 mm and 50 mm were applied onto the tension zone of the specimen 
RE-0. Two specimens were prepared for each UHPC thickness. One was not reinforced, while 
the other was reinforced with five 10-mm diameter high tensile strength steels. Details of the 
longitudinal steel arrangement and geometry of the specimens are shown in Fig. 1 and Table 1. 
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Fig. 1. Overall of test scheme and details of specimens (Yin et al. 2017). 
 
 
 
 
 
 
 
 
 
 
 
 
 

5T12@62

5T10@62

5T12@62

5T10@62

UHPC

Loading

UHPC

Support

NSC

Support

62

100

62

20

62

50

26

300

62

74

600

300

26

150

OV-50a

100

62

100

OV-25

62

26

26

32

26

62

62

74

62

62

74

26

74

62

100

62

300

74

300

62

74

RE-32

200

62

RE-0

62

26

48

68

26

62

62

26

26

62

62

100

26

26

100

62

25

62

100

26

50

3R6@60

300

62

74

OV-50

200

[Unit: mm]

OV-25a
300

62

26

50

62

62

100

26

62

62

62

26

62

26

74

62

5T12@62

100

62

80

26

100

26

300

62

105

RE-100

600

300

26

NSC

125

RE-20

25

62

RE-50

74

50

62

62

62

5T10@625T12@62

(a) Overall of test scheme (OV-50a) 

(b) Specimen RE series (c) Specimen OV series 



 

135 
 

Table 1. Geometric details of the specimens (Yin et al. 2017). 

Specimen 
b 

(mm) 
h 

(mm) 
hU 

(mm) 
a 

(mm) 
RE-0 300 100 - 600 
RE-20 300 100 20 600 
RE-32 300 100 32 600 
RE-50 300 100 50 600 
RE-100 300 100 100 600 
OV-25 300 125 25 600 
OV-25a 300 125 25 600 
OV-50 300 150 50 600 
OV-50a 300 150 50 600 

Note: 
b: width of the specimens 
h: height of the specimens 
hU: thickness of the UHPC layer 
a: distance between loading point and support. 

 
1.2. Material properties of the specimens 
 
Table 2 shows the properties of NSC and UHPC materials. The compressive and flexural 
strength were tested at day 28. For NSC, ready-mixed concrete was used. For UHPC, it was 
manually mixed. The steel fibres of 13 mm in length and 0.2 mm in diameter and the tensile 
strength of 2300 MPa was added in UHPC mixtures. More details of UHPC can be found in the 
original document (Yin et al. 2017). 
 

Table 2. Concrete properties of the specimens (Yin et al. 2017). 

Material 
Compressive strength 

(MPa) 
Flexural strength 

(MPa) 
Young’s modulus§ 

(GPa) 
NSC 23 - 22.5 

UHPC 153 27.4 58.1 
§: calculated using Ec = 4700(f’c)0.5 where f’c is the compressive strength in MPa (ACI Committee 318 2008). 
 
Table 3 shows the properties of longitudinal rebar of the specimens. Two diameters 12 mm and 
10 mm were used; namely T12 and T10, respectively. The tensile yield strength of T12 and T10 
rebar was experimentally obtained as shown in Table 3. 
 

Table 3. Longitudinal reinforcement properties of the specimens (Yin et al. 2017). 

Reinforcement 
Diameter 

(mm) 
Area 

(mm2) 
Yield strength 

(MPa) 
Young’s modulus 

(GPa) 
T12 12 113.1 502 200 
T10 10 78.5 475 200 

 
1.3. Brief description of test results 
 
Crack patterns of the specimens after tests are illustrated in Fig. 2. For the non-composite 
specimens, NSC specimen RE-0 and UHPC specimen RE-100 showed shear and flexural 
failure, respectively. All specimens strengthened with UHPC in RE series mainly failed in 
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flexures, except specimen RE-20 showing debonding and inclined shear cracks (Fig. 2(a)). For 
OV series, all specimens failed in shear along with debonding of UHPC overlay (Fig. 2(b)). 
 
 

 
 
 

Fig. 2. Experimentally tested crack patterns (Yin et al. 2017). 
 
Fig. 3(a) and (b) depict the load-deflection curves of the specimen RE series and OV series, 
respectively. Besides improvement in failure modes, the overall behaviour of the strengthened 
slab change completely as well. As shown in Fig. 3(a), all UHPC-concrete composite slabs 
(RE-20, RE-32 and RE-50) exhibited extensive deflection hardening and ductility during the 
post cracking range. Although no strength enhancement was attained in any of the strengthened 
slabs compared with non-composite NSC specimen RE-0, it could easily be offset by their 
excellent energy absorption capabilities. It was obvious that the non-composite UHPC RE-100 
showed the highest ultimate load (Fig. 3(a)).  
 
From Fig. 3(b), for OV series, owing to strengthening effect including the increase of the total 
height of the specimens, UHPC-concrete composite specimens enhanced overall performance 
such as stiffness and ultimate load compared to specimen RE-0. In addition, it was noted that 
composite specimen OV-50a reinforced with five 10-mm diameter high-tensile-strength steels 
in UHPC did not seem to differ from specimen OV-50 without rebar in initial stiffness. 
However, reinforcing bars in UHPC helped increase the ultimate load of the specimen. Full 
detailed discussion can be found in the original article (Yin et al. 2017). 
 

(a) RE series 

(b) OV series Load 
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Load 
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Fig. 3. Load-deflection curves of the test specimens (Yin et al. 2017). 
 
2. Review of existing design models for flexural members 
2.1. Design code ACI 318 for RC members 
 
According to the current design code ACI 318 (ACI Committee 318 2008) for RC structures, 
the moment resistant capacity of rectangular RC members can be calculated using the simplified 
stress block diagram and the concrete tensile stress is neglected as shown in Fig. 4. Based on 
this diagram, the moment resistance of the members Mn can be expressed as: 
 

2n s y

a
M A f d

   
 

          (1) 

 
where As is the area of longintudinal rebar; fy is the yield strength of longitudinal rebar; d is the 
effective depth; and a is the depth of compressive stress block (see Fig. 4). 
 

 
Fig. 4. Diagrams of stresses and strains in a section of RC members (ACI Committee 318 

2008). 
 
2.2. Design code ACI 544 for FRC members 
 
The design guideline ACI 544 (ACI Committee 544 1988) for FRC members recommends that 
the moment resistant capacity can be calculated based on simplified assumptions of stress and 
strain diagrams as shown in Fig. 5. The tensile stress of the concrete of FRC members is 
accounted for the design calculation whereas that of NSC of RC members is generally 
negligible. From Fig. 5, the moment resistance Mn can be expressed as: 
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( )
2 2 2 2n s y t w

a h e a
M A f d b h e           

   
      (2) 

 
where As is the area of longitudinal rebar; fy is the yield strength of longitudinal rebar; d is the 
effective depth; a is the depth of compressive rectangular stress block; c is the neutral axis 
depth; bw is the web width; h is the total height; σt is the tensile stress in fibrous concrete; and 
e is the distance from extreme compression fibre to the top of tensile stress block of fibrous 
concrete (see Fig. 5). 
 
The distance e is given by: 
 

 (Fibres) 0.003
0.003s

c
e      

 
        (3) 

 
where εs(Fibres) is the tensile strain in fibres; and c is the depth of neutral axis. 
 
The tensile stress σt (in MPa) can be given by: 
 

0.00772t f be

l
F

d
    

 
         (4) 

 
where l is the fibre length; d is the effective depth; ρf is the percent by volume of steel fibres; 
and Fbe is the factor of bond efficiency of the fibre (Fbe =1.0 was used in the present study). 
 

 
Fig. 5. Diagrams of stresses and strains in a section of FRC members (ACI Committee 544 

1988). 
 
3. Flexural strength of UHPC-concrete composite members 
3.1. Overview 
 
In the present study, the flexural moment of UHPC-concrete composite members was predicted 
based on the equilibrium with geometrical compatibility in a section of the members. An 
assumed representation of stresses and strains in UHPC-concrete composite sections is depicted 
in Fig. 6.  
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Assumptions employed in the flexural moment calculation are as follows: 
- NSC and UHPC parts of the composite members were assumed to fail simultaneously. 
- Assumed strain (εc) corresponding to ultimate compressive stress was 0.003 for NSC.  
- The tensile stress, σt, used for FRC members (see Fig. 5), was adopted for UHPC.  
- Since UHPC layer at the tension chord is relatively thin thickness, it may be reasonable 

to assume that the distance, h – e, (see Fig. 5) shall be taken as the UHPC thickness, 
(h – e = hU) as depicted in Fig. 6. h is the total height of the section.  

- A tensile force for the UHPC, TUHPC, was then computed as a production of the stress, 
σt, obtained from Eq. (4), and the corresponding UHPC area AUHPC (= bw×hU). 

 

 
 
 
 

 
 
 

Fig. 6. Calculation assumptions for flexural strength of UHPC-concrete members. 
 
3.2. Equilibrium conditions 
 
As widely accepted in the current design models, in the present study, an equilibrium equation 
is derived from the compatibility condition, which the strain varies linearly along the cross-
section as shown in Fig. 6. At the equilibrium condition, the equations could be expressed as: 
 
For specimen RE series, except specimen RE-0: 
 

c sc st UHPCC C T T             (5a) 

 
For specimen OV series: 
 

,c sc st st U UHPCC C T T T             (5b) 

 
where: 

0.85 'c c n wC f x b  

(b) Stresses and strains in a typical UHPC-concrete section for OV series 

(a) Stresses and strains in a typical UHPC-concrete section for RE series 
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' '
sc s sC A  

st s sT A  

,st U sU sUT A   

UHPC UHPC tT A   

 
The flexural moment capacity Mfle is then given by: 
 
For specimen RE series, except specimens RE-0: 
 

' ' '
2 2 2

n n n
fle s s UHPC t U s s

x x x
M A d A d A d

                   
     

    (6a) 

 
For specimen OV series: 
 

' '
1 2 '

2 2 2 2
n n n n

fle s s sU sU UHPC t U s s

x x x x
M A d A d A d A d

                           
       

 (6b) 

 
where the notations of Eqs. (5) and (6) are as follows: 
bw = web width. 
d' = distance from extremely top concrete surface to centre of diameter of top rebar. 
d = assumed effective depth (Fig. 6(a)). 
d1 = distance from extremely top concrete surface to centre of T12 rebar (Fig. 6(b)). 
d2 = distance from extremely top concrete surface to centre of T10 rebar (Fig. 6(b)). 
dU = distance from extremely top concrete surface to centre of UHPC layer (dU = hC + hU/2). 
hC = height of RC member. 
hU = thickness of UHPC. 
xn = distance between extremely top surface and neutral axis. The xn can be calculated using 

strain compatibility and equilibrium condition, and checking the strain level in the 
reinforcement rebar. 

f’c = compressive strength of NSC. 
α = factor relating depth of equivalent rectangular compressive stress block to neutral axis depth 

and it shall be taken as 0.85 in the present study due to f’c = 23 MPa (Fig. 7). 
 

 
 

Fig. 7. Value of factor α according to ACI Committee 318 (2008). 
 
A’s = area of top rebar (5T12 = 565 mm2). 
As = area of bottom rebar (5T12 = 565 mm2). 
AsU = arear of longitudinal rebar in UHPC overlay (5T10 = 363 mm2). 
AUHPC = area of UHPC (AUHPC = bw×hU). 

α 

0.85 

0.65 

f'c (MPa) 17 28 56 
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σ’s = stress of top rebar. 
σs = stress of bottom rebar. 
σsU = stress of longitudinal rebar in UHPC overlay. 
σt = tensile stress of UHPC obtained using Eq. (4). 
 
In the analysis, the situations can be classified as follows: 

- No reinforcement yielded (σ’s < fy, and σs < fy), where fy is the yield strength of rebar. 
- Tension reinforcement (bottom rebar) yielded and compression reinforcement (top 

rebar) did not yield (σs = fy, and σ’s < fy). 
- Both tension and compression reinforcement yielded (σs = fy, and σ’s = fy). 

 
It should be mentioned that the flexural moment of NSC specimen RE-0 in this study was 
obtained based on the current design code ACI Committee 318 (2008). For UHPC specimen 
RE-100, the flexural moment was obtained using the Eq. (6a), where the distance h – e (see Fig. 
5) and the dU in Eq. (6a) were assumed 50 mm and 75 mm, respectively. In addition, the flexural 
strength calculation results for the specimens (RE-0, -32, -50, and -100) were previously 
reported (Shirai et al. 2018). 
 
4. Prediction results and verification 
 
Table 4 shows the predicted flexural moment capacities for all specimens described in Section 
1.1. In this table, the predicted flexural moment, Mfle, was obtained using the adopted 
calculation approach (Section 3), and the ultimate moment, Mu,exp, was experimentally obtained 
as Mu,exp = Vn,exp×a, where a is the distance from loading point to support. The Vn,exp is the shear 
force and obtained as Vn,exp = Pu/2, where Pu is the experimental ultimate load. Some statistic 
values of the experimental-to-predicted moment capacity ratio Mu,exp/Mfle was calculated for 
both RE and OV series as shown in Table 4. 
 
As seen in Table 4, the predicted moment capacity in RE series showed good agreement with 
experimental results with mean Mu,exp/Mfle ratio and coefficient of variation (COV) of 1.01 and 
13.6%, respectively. In OV series, due to the occurrence of shear failure, the specimens might 
not reach their maximum moment capacity. The flexural moment for OV series was additionally 
calculated and shown in Table 4 for reference. As a result, the flexural moment for specimen 
OV series showed a large variation with the mean Mu,exp/Mfle ratio of 1.08 and COV of 25.7% 
in comparison to RE series where the specimens mainly failed in flexure.  
 
It should be noticed that for composite members, as the thickness of UHPC layer increased, the 
calculated moment slightly increased. This result indicated that the contribution of tension 
fracture of UHPC layer was not significant for the specimens used in this study. However, when 
the prediction was plotted against the experimental results for RE series as shown in Figs. 8 and 
9, it clearly showed that the data points of flexural moment greatly gathered along the target 
line representing Mu,exp = Mfle (Fig. 8), and good agreement observed (Fig. 9). 
 
Among all specimens in RE series, UHPC specimen RE-100 showed high flexural moment in 
both the calculation and experiment. The main reason to this is that only RE-100 had UHPC in 
the compression zone and the high compressive strength of UHPC significantly influenced the 
increase of the flexural capacity (Shirai et al. 2018). 
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Table 4. Comparison between predicted and experimental results. 

Specimen 
Experimental results Predicted flexural moment 

Mu,exp (kNm) Failure mode Mu,exp/Mfle 

RE-0 18.32 Shear 1.18 

RE-20 17.15 Flexure-shear 1.07 

RE-32 13.10 Flexure 0.80 

RE-50 16.61 Flexure 1.00 

RE-100 33.88 Flexure 0.99 

Mean - - 1.01 

COV - - 13.6% 

    

RE-0 18.32 Shear 1.18 

OV-25 22.07 Shear 1.34 

OV-25a 23.39 Shear 0.77 

OV-50 23.39 Shear 1.32 

OV-50a 28.52 Shear 0.80 

Mean - - 1.08 

COV - - 25.7% 

 
 

 
Fig. 8. Comparison between predicted flexural moments and experimental results of specimen 

RE series. 
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Fig. 9. Prediction and experimental results of the flexural moment capacities of specimen RE 

series. 
 
5. Prediction of failure mode 
 
In the present study, the failure mode prediction was conducted based on the shear force Vfle 
given by the computed flexural moment Mfle described in Section 4. This shear force Vfle was 
compared with those (Vn,compos) obtained from the six methods for the shear strength calculation 
reported by Yin et al. (2018). Full details of the six methods (Methods A1, A2, A3, B1, B2, and 
B3), shown in Table 5, could be found in the open document by Yin et al. (2018). 
 

Table 5. Predicted failure mode based on previously computed flexural moment. 

Specimen 

Experimental 
results 

Predicted 
flexural 
strength 

Predicted shear strength and failure mode 

Vn,compos/Vfle 
(Predicted failure mode) 

Mu,exp 
(kNm) 

Failure 
mode 

Mu,exp/ 
Mfle 

Vfle 
(kN) 

Method 
A1 

Method 
A2 

Method 
A3 

Method 
B1 

Method 
B2 

Method 
B3 

RE-0 18.32 Shear 1.18 25.85 
0.75 

(Shear) 
0.80 

(Shear) 
0.77 

(Shear) 
0.75 

(Shear) 
0.80 

(Shear) 
0.77 

(Shear) 

RE-20 17.15 
Flexure-

shear 
1.07 26.78 

0.94 
(Shear) 

1.02 
(Flexure) 

0.98 
(Shear) 

0.94 
(Shear) 

0.72 
(Shear) 

1.39 
(Flexure) 

RE-32 13.10 Flexure 0.80 27.19 
0.89 

(Shear) 
1.02 

(Flexure) 
0.91 

(Shear) 
0.70 

(Shear) 
0.91 

(Shear) 
1.09 

(Flexure) 

RE-50 16.61 Flexure 1.00 27.59 
0.83 

(Shear) 
1.00 

(Flexure) 
0.80 

(Shear) 
0.94 

(Shear) 
1.59 

(Flexure) 
1.93 

(Flexure) 

RE-100 33.88 Flexure 0.99 56.91 
0.81 

(Shear) 
1.18 

(Flexure) 
1.63 

(Flexure) 
0.81 

(Shear) 
1.18 

(Flexure) 
1.63 

(Flexure) 

           

OV-25 22.07 Shear 1.34 27.44 
31.98 

(Flexure) 
32.55 

(Flexure) 
31.17 

(Flexure) 
27.65 

(Flexure) 
20.66 

(Shear) 
42.77 

(Shear) 

OV-25a 23.39 Shear 0.77 50.73 
34.50 

(Shear) 
36.43 

(Shear) 
33.32 

(Shear) 
27.65 

(Shear) 
39.37 

(Shear) 
42.84 

(Shear) 

OV-50 23.39 Shear 1.32 29.48 
38.23 

(Flexure) 
38.99 

(Flexure) 
36.78 

(Flexure) 
38.60 

(Flexure) 
20.74 

(Shear) 
66.08 

(Flexure) 

OV-50a 28.52 Shear 0.80 59.57 
41.33 

(Shear) 
42.82 

(Shear) 
36.84 

(Shear) 
38.64 

(Shear) 
50.56 

(Shear) 
66.01 

(Flexure) 
Note: 
Vfle: shear force obtained at the calculated flexural moment Mfle. 
Vn,compos: predicted shear force based work done by Yin et al. (2018). 
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The failure mode was evaluated by mean of the ratio of Vn,compos/Vfle. When Vn,compos/Vfle < 1, the 
failure mode was expected to be shear failure, or flexure failure in the contrary. Table 5 shows 
the predicted failure mode for all specimens. From Table 5, the most accurate predicted failure 
mode was given by Method A2. 
 
Conclusions 
 
The flexural strength prediction for UHPC-concrete composite members based on the existing 
design models were presented. From this study, the following conclusions can be drawn.  
 

(1) The adopted method was able to predict the ultimate moment in good agreement 
with experimental results for UHPC-concrete composite members. As clearly shown 
in RE series, the flexural moment capacity was predicted with mean Mu,exp/Mfle ratio 
and COV of 1.01 and 13.6%, respectively. 
 

(2) In OV series, due to the occurrence of shear failure, the specimens might not reach 
their maximum moment capacity. The computed flexural moment showed a large 
COV of 25.7% while in RE series COV was 13.6%. 
 

(3) The failure modes defined by the predicted shear force given at the predicted flexural 
moment and those obtained from the adopted methods for the shear force prediction 
were presented. It was observed that the failure modes observed from Method A2 
was found to be the most accurate prediction. 
 

(4) Although the flexural strength prediction demonstrated reasonable agreement with 
the experimental results, further studies should be conducted to develop and improve 
the adopted method for UHPC-concrete composite members. 
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Conclusions and recommendations 
 
1.  Conclusions 
 
From this study, the following conclusions could be reached: 
 

(1) The structural behaviour of composite RC members strengthened with UHPC under 
static loading through the experimental study was investigated. The UHPC 
strengthening layer improves the performance of composite UHPC-concrete slabs 
showing an excellent energy absorption with extensive deflection hardening and 
ductility during the post cracking range. 
 

(2) An FE model of the flexural behaviour of non-composite UHPC members under 
static loading was developed. The accurately simulated results demonstrated the 
effectiveness and adequacy of the developed FE model and modelling technique. 
 

(3) The behaviour of composite UHPC-concrete slabs under static loading was 
sucessfully predicted using an improved FE model with modelling technique using 
equivalent beam elements at the interface.  
 

(4) The numerical response of composite UHPC-concrete members subjected to 
dynamic loading was figured out. The effectiveness of UHPC layer of UHPC-
concrete composite members was demonstrated through comparing the results with 
reference non-composite RC and UHPC members under same blast loading. It 
showed that UHPC strengthening layer significantly improves the blast resistance 
of the members as compared to the conventional RC members.  
 

(5) The prediction of composite UHPC-concrete members using existing design 
models was evaluated. The proposed method was found to be able to fairly predict 
the structural capacity of composite UHPC-concrete members compared to the 
experimental results. 

 
 

2.  Recommendations for the future study 
 Static loading 

 
(1) More experimental studies on UHPC-concrete composite members should be 

suggestible be conducted because some factors affecting the structural behaviour 
were not included in the present study such as size effect of specimens and effect of 
longitudinal reinforcement ratio. 
 

(2) An improvement of numerical simulation results should be carried by employing 
statistic analysis for determining the most appropriate model parameters. In addition, 
the bond strength interface between concrete and longitudinal reinforcement should 
also be considered. 

 
(3) Further study on analytical models for predicting the structural capacity of UHPC-

concrete composite should be developed and improved. 
 

 Dynamic loading (blast) 
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(1) To validate the FE model for the blast response, test data on UHPC-concrete 

composite members subjected to blast loading are needed for the future study. 
 

(2) An analytical model for blast resistant of UHPC-concrete members should be 
conducted. 

 
(3) Pressure–impulse (P–I) diagrams, which is commonly used in the preliminary 

design of structures to establish safe response limits at given blast loading scenarios, 
should be developed for UHPC-concrete composite members. 

 
 Construction methods 

 
Procedures and techniques that are used in the constructing process for the application of 
composite UHPC-concrete structural elements should be investigated. For instance, methods 
would be the prefabricated UHPC-concrete elements or half-precast application. 
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