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 Summary 

 

Summary 

Security problems of specialized structures, e.g. nuclear power plants and high rise buildings, 

have become critical considerations in both civil and military fields. Having a high risk of being 

exposed to terrorist attacks or accidental impacts, these structures require suitable construction 

materials to withstand not only static but also dynamic loads. The outstanding performance of Ultra-

High Performance Fiber Reinforced Concrete (UHPFRC) makes it a promising material for these 

specialized structures. Lowering the material costs of UHPFRC is important for promoting its 

application in practical constructions. Hence, cheap coarse aggregates are utilized to partially replace 

the expensive fine particles in UHPFRC in the present research, which also benefits the impact 

resistance of the UHPFRC. Moreover, the cost of steel fibers is also a dominant factor influencing the 

UHPFRC production. To achieve a more effective fiber distribution, an optimized layered-structure 

concept is applied to UHPFRC, i.e. designing UHPFRC with multi-layers. This thesis investigates the 

fiber effects on the coarse-aggregated layered UHPFRC subjected to static and dynamic loads, with 

special attention to the fiber pullout performance at mesoscale and the fiber amount distribution over 

the layered UHPFRC at macroscale.  

The fiber-matrix interactions at mesoscale are investigated in Chapters 2 and 3 by analyzing the 

single fiber pullout behavior under static and dynamic pullout loads, respectively. In Chapter 2, the 

influences of fiber inclination angles, namely 0°, 10°, 20° and 30°, on the pullout responses of two 

types of hooked-end fibers from the UHPC matrix are studied. It is revealed that the effects of the fiber 

inclination on the pullout behavior are associated with both the snubbing effect and the matrix spalling 

effect. To evaluate these effects, a new analytical model for the hooked-end fiber is proposed and 

validated. Chapter 3 focuses on the dynamic pullout behavior of the hooked-end fiber embedded in 

the UHPC matrix. The pullout rate changes from 5 mm/min to 1000 mm/min, i.e. from the quasi-static 

to intermediate strain rates. Mechanisms contributing to the rate dependency of the pullout response, 

the Stefan effect and the micro inertia effect, are analyzed in this chapter. An analytical model is 

developed to predict the peak pullout force of the hooked-end steel fiber from the UHPC matrix under 

dynamic loads. 

The macroscale performances of coarse-aggregated layered UHPFRC under different loading 

rates are presented in Chapters 4 ~ 8. Chapter 4 analyzes the static flexural behavior. Theoretical 

criteria for layer cracking and debonding are proposed, based on which double-layered UHPFRC 

beams are designed. In comparing the flexural performances of the designed double-layered UHPFRC 

to their single-layered counterpart with an identical total fiber amount, it is found that the double-

layered UHPFRC beam composed of a 40 mm-thick top layer with 0.6% straight fibers and a 60 mm-

thick bottom layer with 1.6% straight fibers achieves a 24% higher peak flexural load and a 14% higher 

flexural energy.  

In continuation of the static flexural study in Chapter 4, Chapter 5 investigates the dynamic 

performance of the double-layered UHPFRC under low-velocity drop-weight impact. A 7.26 kg metal 

ball dropped from 2.5 m generates a dynamic load within the intermediate strain rate range. The 

experimental results show that in comparison to the single-layered beam, the double-layered UHPFRC 

achieves an improved impact resistance. For instance, a 28% enhancement of the absorbed impact 

energy is accomplished by the double-layered UHPFRC with 0.6% hooked-end fibers in the top layer 
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 Summary 

and 1.6% hooked-end fibers in the bottom layer. Furthermore, a model to predict the absorbed energy 

of the layered UHPFRC under repeated drop-weight impacts is proposed and validated.  

The low-velocity impact study presented in Chapter 5 is followed by the study on the high-

velocity impact. The ballistic resistance of the coarse-aggregated layered UHPFRC against in-service 

7.62 mm × 51 AP projectile at 840 m/s is investigated in Chapters 6 ~ 8, experimentally, theoretically 

and numerically. Ballistic experiments on the coarse-aggregated layered UHPFRC are presented in 

Chapter 6, with the effects of the coarse aggregates, the steel fibers and the layered structure analyzed 

in detail. The improved penetration resistance of the coarse-aggregated layered UHPFRC is confirmed 

by the test results, showing a 32% reduction on the depth of penetration (DOP) achieved by the triple-

layered UHPFRC. Chapter 7 presents models for predicting the DOP in single- and multi-layered 

UHPFRC, on the basis of an improved dynamic expansion theory. In addition to the experimental and 

theoretical studies, Chapter 8 numerically analyses the dynamic penetration performance of the 

UHPFRC using LS-DYNA. The numerical models coincide well with the experimental results. The 

simulations further confirm that the triple-layered UHPFRC consumes less cement and fiber, in 

comparison to the single-layered one with the same level of the ballistic resistance. 

This thesis provides fundamental insights on the static and dynamic properties of coarse-

aggregated layered UHPFRC. The investigations concerning the fibers pullout response and the effects 

of fiber amount distribution in a layered structure shed light on the fiber-matrix bond properties and 

inspire a more efficient fiber utilization in UHPFRC. In addition, the static and dynamic studies on the 

coarse-aggregated layered UHPFRC provide a comprehensive understanding on its mechanical 

performances under different loading rates, contributing to the state-of-the-art. Furthermore, with the 

incorporation of the coarse aggregates and the efficient utilization of the steel fibers, the designed 

UHPFRC can bring great economic benefits and can promote the future technological application of 

UHPFRC in the civil and military constructions.  
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   Chapter 1 Introduction 

 

1.1 Research background 

1.1.1 Characteristics of conventional UHPFRC 

Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) is generally characterized by its 

very high compressive strength, excellent energy absorption capacity and outstanding damage 

resistance (Yu, 2015), making it a promising material to withstand both static and dynamic loads. In 

general, UHPFRC is composed of cement, mineral additives, fine aggregates, water, chemical 

admixtures and steel fibers. The differences between an Ultra-High Performance Concrete (UHPC) 

matrix and normal strength concrete (NC) lie particularly in the following aspects (Shi et al., 2015): 

(1) the high binder amount and low water-cement ratio of UHPFRC, which results in the low porosity 

and significantly improved compressive strength; (2) the fine size of aggregates in UHPFRC, i.e. 

coarse aggregates are eliminated in UHPFRC to decrease the effects of heterogeneity and eliminate 

defects; (3) the use of silica fume in UHPFRC to reduce porosity and achieve a dense microstructure; 

(4) the large amount of superplasticizer in UHPFRC mixture to obtain sufficient workability. 

Examples of typical UHPC and NC mixtures are presented in Fig. 1-1. A detailed review on the raw 

materials and the mixture design of UHPFRC can be found in (Shi et al., 2015). 

 

 
(a) UHPC (Yu, 2015)                                                                     (b) NC (Yoo et al., 2015b) 

Fig. 1-1 Examples of UHPC and NC mixtures (mass %) 

 

The fine materials and the high particle packing density of UHPFRC contribute to its superior 

compressive strength over other cementitious materials. As illustrated in Fig. 1-2a, the compressive 

stress-strain relationship of UHPFRC can be generally divided into three regimes (Spasojević, 2008): 

(1) Linear elastic increasing regime with an elastic modulus in the range of 50-70 GPa; 

(2) Nonlinear increasing regime until the compressive strength (usually over 150 MPa) is reached; 

(3) Post-peak softening behavior 

The addition of steel fibers has been recognized to significantly enhance the tensile strength of 

UHPFRC. A typical tensile constitutive relationship of UHPFRC is exhibited in Fig. 1-2b (Spasojević, 

2008). Similarly, three regimes can be distinguished from the curve (Spasojević, 2008): 

(1) Linear elastic regime up to the matrix tensile strength; 

(2) Strain hardening regime resulting from multi-micro cracking; 

(3) Strain softening regime with localization of cracking. 
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(a) Compression                                                           (b) Tension 

Fig. 1-2 Mechanical properties of conventional concrete and UHPFC (Spasojević, 2008) 

 

The low water-cement ratio of UHPFRC contributes to its superior mechanical properties. 

However, a too low water addition can cause fluidity problems for the fresh matrix (Li, 2019). To 

achieve a satisfying workability, superplasticizers are incorporated in UHPFRC, which significantly 

increases its flowability with a relatively small water addition (Li, 2019). Furthermore, the flowability 

of UHPFRC is associated with the fiber amount added into the matrix. Fiber incorporation can reduce 

the fresh behaviors of UHPFRC, which may be attributed to the fiber friction and the changed skeleton 

structure (Buttignol et al., 2017). That being the case, to guarantee a satisfying fiber dispersion and to 

achieve a uniform fiber distribution, the mixing procedure of UHPFRC is also important (Buttignol et 

al., 2017). The fine raw materials should be mixed first before the addition of water and 

superplasticizers, and fibers should be added until a sufficient flowability of the fresh UHPC has been 

obtained. 

 

1.1.2 UHPFRC with coarse aggregates 

Despite the excellent properties, the practical application of UHPFRC is still limited. This can 

be attributed to several reasons, e.g. technical issues concerning UHPFRC production and lack of 

guidelines for designing UHPFRC structure (Spiesz and Hunger, 2017a, 2017b). The high material 

costs of UHPFRC is also an important factor influencing its application (Shaikh et al., 2018). 

Replacing the fine particles in UHPFRC with cheaper coarse aggregates can be one of the solutions to 

lowering the material cost. Coarse aggregates are usually eliminated from conventional UHPFRC as 

they decrease the material homogeneity and increase the possibility of defects (Shi et al., 2015), which 

can lead to strength reduction of UHPFRC. Nevertheless, recent studies confirm that the strength 

reduction of UHPFRC due to incorporating coarse aggregates can be limited by properly packing the 

granular constituents (Li et al., 2018; Wille et al., 2011), and some researches even reported strength 

improvements with the increase of the aggregate size (Liu et al., 2016; Wille et al., 2011).  

Moreover, coarse-aggregated UHPFRC possesses some benefits on e.g. binder material saving, 

shrinkage control and impact resistance improvement (Li et al., 2018; Peng et al., 2016a; Yoo and 

Banthia, 2016), which further confirms the feasibility of using coarse aggregates in UHPFRC. For 

instance, Ma et al. (Ma et al., 2004) compared the properties of UHPC with and without coarse 

aggregates, and obtained that the coarse-aggregated UHPC has a larger elastic modulus and 40% lower 

autogenous shrinkage. Li and Yu (Li and Yu, 2019) found that incorporating coarse basalt aggregates 
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in UHPFRC reduces the powder consumption from 900 kg/m3 to 700 kg/m3, and the coarse-aggregated 

UHPFRC has a significantly enhanced ballistic resistance.  

 

1.1.3 Fibers effects on UHPFRC performance 

(1) Fiber pullout behavior 

Steel fibers, e.g. straight fibers and hooked-end fibers, are commonly used in UHPFRC. The 

addition of steel fibers benefit the cracking control ability of UHPFRC and enhance its energy 

absorption capacity. Acting as stress-transfer bridges, fibers effectively prohibit cracks at both micro- 

and macro-levels (Banthia and Sappakittipakorn, 2007), and the performances of UHPFRC can be 

affected by not only the fiber amount but also the individual pullout behavior of the activated fibers 

crossing a crack. As a foundation to analyze the fibers effects, investigating the single fiber pullout 

behavior embedded in UHPC matrix promotes a comprehensive understanding on the fiber-matrix 

interaction at mesoscale. Considering the simplicity of the operation and the reliability of the result, 

single fiber pullout experiment has been widely utilized to study the fibers effects on UHPFRC (Tai 

et al., 2016; Xu et al., 2016). Further, the fiber pullout behavior depends on many factors, including 

the fiber geometry, embedded length, inclination angle and pullout rate (Markovic, 2006).  

Normally, fibers are randomly distributed in UHPFRC. Fibers under different inclination angles 

have distinct pullout responses (Laranjeira et al., 2010). On the one hand, an inclined fiber within a 

certain degree has enhanced pullout performance due to the snubbing effect (Isla et al., 2015; 

Markovic, 2006), which invokes an additional friction resistance, promotes the increase of the pullout 

load, and leads to an improved load carrying capacity of the UHPFRC. On the other hand, an inclined 

fiber also generates a stress concentration at the matrix near the bearing point (Li et al., 1990). This 

concentrated stress can result in a higher probability of fiber or matrix rupture, undermining the overall 

performance of the UHPFRC material. Therefore, understanding the effects of fiber inclination angle 

is essential for analyzing the fiber pullout behavior at mesoscale and the UHPFRC mechanical 

performance at macroscale.  

 

(2) Fiber amount distribution 

The cost of steel fibers is one of the dominant factors influencing the UHPFRC production and 

limiting its widespread utilization (Wu et al., 2017b). For instance, the price of 2% straight steel fibers 

comprises more than 30% of the total material cost of UHPFRC (Brühwiler, 2009). This situation, 

therefore, makes it highly necessary to achieve a more effective utilization of the steel fibers in 

UHPFRC. In other words, fibers should be selectively distributed in part of the UHPFRC structure 

where their advantages can be fully exploited (Dias et al., 2010). This is especially true for structures 

that are partially in tension and partially in compression. A typical example is a bending beam. When 

a UHPFRC beam is subjected to bending, half of it is under compression while the other half is in 

tension (Shen et al., 2008). The same applies to concrete specimens under drop-weight impacts: the 

compressive waves generated by the drop weight in the impact region would propagate and reflect to 

be tensile waves at the distant region. Although the tensile properties of UHPFRC are significantly 

enhanced by the increasing the fiber amount, the contribution of fibers to the compressive performance 

of UHPFRC is relatively modest (Savino et al., 2018; Spasojević, 2008). Consequently, fibers in the 

compressive zone of the bending beam or the impacted specimen have a relatively small contribution, 
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whereas fibers in the tensile zone can effectively improve the load carrying capacity of the concrete 

by inhibiting cracking and redistributing stress in that region (Yang and Dong, 2003).  

In order to obtain a more efficient utilization of the steel fibers, the concept of multi-layered 

concrete with different amounts of fibers distributed according to the stress distribution is proposed 

(Dias et al., 2010). In addition, research on multi-layered NC indicates that the application of a layered 

structure could be a breakthrough in enhancing its mechanical performances (Dias et al., 2010). For 

example, Shen et al. (Shen et al., 2008) studied the flexural behavior of a four-layered concrete beam 

with PVA fibers gradually distributed. Their results show that the layered beam has a 50% higher 

flexural strength compared to its single-layered counterpart. Accordingly, a multi-layered UHPFRC 

with fibers purposefully reinforced in the target region has the potential to improve the material 

utilization efficiency, as well as the static and dynamic properties of the composite.  

 

1.1.4 Rate effects on UHPFRC performance 

The superior performances of UHPFRC make it suitable for impact-resistant structures in both 

the civil and military fields (Spasojević, 2008; Yu, 2015). Due to the rate effect, the dynamic behaviors 

of cementitious materials differ from their static performances (Weerheijm, 2013). Concerning the 

dynamic tension load, the enhancement of concrete tensile strength under dynamic loading is mainly 

attributed to two factors: the moisture in the pores distributing in the concrete matrix, i.e. the Stefan 

effect; and the inertia effects associated with micro-cracking of the material (Alwan et al., 1999; Lu 

and Li, 2011). As with dynamic compression, there appears to be a general agreement that the dynamic 

enhancement of the concrete compressive strength is largely attributed to the Stefan effect and 

structural inertia forces, particularly the lateral inertia confinement under high loading rates (Bischoff 

and Perry, 1991; Li and Meng, 2003). 

Understanding the response of UHPFRC under dynamic loadings is of great significance for the 

safe design of impact-resistant structures. According to ACI Committee Reports (ACI Committee 544, 

1999), the following types of dynamic tests can be employed to evaluate the impact resistance of 

concrete: (1) Charpy impact test; (2) instrumented pendulum impact test, (3) drop-weight test, (4) 

constant strain-rate test, (5) split-Hopkinson bar test, (6) projectile impact test, and (7) blast test. 

Among these testing methods, the drop-weight impact test can be employed to investigate the 

resistance of UHPFRC against low-velocity impacts, which are common in the civil engineering field 

such as a vehicle collision and rock fall (Hrynyk and Vecchio, 2014). With respect to high-velocity 

impacts, projectile impact tests are commonly utilized to evaluate the ballistic resistance of UHPFRC, 

providing valuable perspective for understanding its dynamic performance and promoting the 

advanced design of UHPFRC protective structures.  

 

1.2 Research motivation and aim 

UHPFRC is one of the most advanced cementitious materials developed to date. Its superior 

performances give it the potential to be utilized for wide applications. Developing coarse-aggregated 

UHPFRC contributes to the environmentally sustainability and the cost efficiency, considering the 

reduced cement usage due to the incorporation of the coarse aggregates. Additionally, appropriate 

types of coarse aggregates, e.g. basalt aggregates, also possess advantages on enhancing the impact 

resistance of the coarse-aggregated UHPFRC. 
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 Furthermore, the performances of UHPFRC can be influenced by the incorporated steel fibers, 

making studying fibers effects a highly significant issue. Understanding the effects of fiber inclination 

is of great importance as fibers are usually randomly distributed in UHPFRC. Moreover, fibers 

contribute more to the tensile properties of UHPFRC than to its compressive strength. Compared to a 

single-layered UHPFRC with the same amount of fibers distributed randomly in the whole structure, 

a multi-layered one with the fibers purposefully reinforcing the target area according to the stress 

distribution has the potential to increase the material utilization efficiency and to improve the 

performances of UHPFRC.  

In addition of the static properties, the dynamic responses of UHPFRC against impacts have 

received increasing attentions. Low-velocity impacts are common in the civil engineering field, such 

as vehicle collisions and falling rock impacts. Besides, the use of ballistic weapons in conflict areas or 

under terrorist attacks also makes the security problem of concrete structure a critical concern. 

Considering that the behaviors of cementitious materials, e.g. the strength and the failure mode, are 

rate dependent, the performances of UHPFRC under dynamic impacts should be clearly understood 

prior to the design and application of impact-resistant UHPFRC structures. 

Accordingly, this research aims to investigate the fibers effects on the coarse-aggregated layered 

UHPFRC, subjected to static and dynamic loads, with the focus on the fiber pullout performance at 

mesoscale and the fiber amount distribution over the layered UHPFRC at macroscale. Specific 

research objectives include: 

(1) To understand the effects of the fiber inclination on the static fiber pullout performance;  

(2) To understand the effects of the pullout rate on the dynamic fiber pullout performance; 

(3) To enhance the static flexural performance of the coarse-aggregated UHPFRC using a layered 

structure, and obtain the optimum design of layered UHPFRC; 

(4) To understand the dynamic performance of the coarse-aggregated UHPFRC subjected to drop-

weight load, and enhance its low-velocity impact resistance using a layered structure; 

(5) To understand the dynamic performance of the coarse-aggregated UHPFRC subjected to 

projectile penetration, and enhance its high-velocity impact resistance using a layered structure. 

 

1.3 Outline of the thesis 

The research framework of this thesis is shown in Fig. 1-3. This chapter introduces briefly the 

background and aim of this research; whereas the detailed state-of-the-art development concerning 

each research objective is presented in the introduction part of each chapter. Chapters 2 and 3 exhibit 

the static and dynamic fiber-matrix interactions at mesoscale by analyzing the single fiber pullout 

performances under static and dynamic pullout loads, respectively. The following chapters focus on 

the performances of the layered UHPFRC at macroscale under different loading rates: Chapter 4 

evaluates the static flexural properties, Chapter 5 investigates the response under low-velocity impact, 

while Chapters 6 to 8 account for the impact resistance against high-velocity projectile penetration. 

More specific explanations of these chapters are given below. 
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Fig. 1-3 Outline of the thesis 

 

Chapter 2 studies the influences of fiber inclination angle on the pullout response of the hooked-

end steel fiber embedded in UHPC matrix. The fiber inclination angles analyzed are 0°, 10°, 20° and 

30°, the effects of which are estimated by parameter calculations and mechanism analysis. 

Furthermore, an analytical model for evaluating the snubbing and spalling effects of the inclined 

hooked-end fiber is proposed and validated. 

Chapter 3 investigates the rate-dependent pullout response of the hooked-end fiber from the 

UHPC matrix. The pullout rate changes from 5 mm/min (0.083 mm/s) to 1000 mm/min (16.67 mm/s), 

i.e. from the quasi-static to intermediate strain rates. The mechanisms of the rate effect on the fiber 

pullout performance are revealed, and a rate-dependent model for predicting the dynamic peak pullout 

load of the hooked-end fiber is developed and validated. 

Chapter 4 focuses on the static flexural performance of coarse-aggregated layered UHPFRC. 

Theoretical criteria for layer cracking and debonding are proposed, based on which double-layered 

UHPFRC beams with different layer thicknesses are designed and evaluated under three-point 
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bending. Different amounts of fibers are employed in the different layers of the UHPFRC with the 

aims of improving the beam flexural performance and achieving a higher fiber utilization efficiency. 

The optimum layer thickness and fiber amount distribution are obtained.  

Chapter 5 presents the dynamic performance of the coarse-aggregated layered UHPFRC under 

low-velocity drop-weight impact. The optimum double-layered beam in Chapter 4 is subsequently 

employed in the dynamic study. A 7.26 kg metal ball dropped from 2.5 m generates dynamic load 

within the intermediate strain rate range, under which the resistance of the UHPFRC is analyzed. 

Additionally, a model to estimate the absorbed impact energy of the UHPFRC is proposed and 

validated. The model divides the absorbed energy into two parts: the matrix-consumed part and the 

fiber-consumed part, and the latter is calculated using the model from Chapter 3.  

Chapter 6 experimentally analyses the dynamic performance of the coarse-aggregated layered 

UHPFRC under high-velocity projectile penetration impact. The in-service 7.62 mm × 51 AP 

projectile impacts the UHPFRC targets at around 840 m/s. A multi-layered UHPFRC protective 

element with superior ballistic resistance is developed, and the influences of the aggregate size, steel 

fiber and layer thickness are addressed. The results in Chapter 2 concerning the inclined fiber benefit 

the analysis of the fibers influences in this chapter.  

Chapter 7 develops models for predicting the depth of penetration (DOP) in UHPFRC subjected 

to high-velocity projectile impact. The penetration process inside the semi-infinite UHPFRC target is 

modelled as the expansion of a spherical cavity, invoking elastic-cracked-comminuted or elastic-

comminuted responses in the UHPFRC. The Hoek-Brown criterion is utilized to describe the nonlinear 

response, and the rate effect on the UHPFRC resistance is considered. After developing the model for 

the single-layered UHPFRC, the DOP predictive model is further extended for the multi-layered 

targets with the varying mechanical properties of the layered target considered.   

Chapter 8 numerically analyses the dynamic performance of the coarse-aggregated layered 

UHPFRC under high-velocity projectile penetration impact. LS-DYNA is utilized to simulate the 

ballistic experiments of the single- and triple-layered UHPFRC presented in Chapter 6, after which the 

effects of the target thickness and the penetration velocity on the DOP are discussed. The perforation 

limits of the single- and tripled-layered UHPFRC at different impact velocities are estimated and 

compared with the results from the empirical formulae. 

Chapter 9 concludes the important results from this research and recommends further studies to 

continue the present research. 
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Chapter 2 

Effect of inclination angle on the pullout performance 

of hooked-end steel fiber embedded in UHPC * 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*This chapter is partially reproduced from: Y.Y.Y. Cao, Q.L. Yu, Effect of inclination angle on 

hooked-end steel fiber pullout behavior in ultra-high performance concrete, Composite Structures 201 

(2018) 151–160. 
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Abstract 
The bond relationship between the concrete matrix and steel fiber is a significant factor affecting 

the performance of UHPFRC. In this chapter, the pullout performances of hooked-end steel fibers 

embedded in Ultra-High Performance Concrete (UHPC) matrix under various inclination angles are 

systematically investigated. Pullout load-slip curves are obtained, and experimental observations 

including complete fiber pullout, fiber breakage and matrix failure are analyzed in detail. The effects 

of the pullout angle are studied quantitatively by parameter calculations and mechanism analysis. 

Moreover, a new analytical model for evaluating the snubbing and spalling effects of the hooked-end 

steel fiber is proposed and validated. It is shown that the influences of the inclination angle on the peak 

pullout load vary with different fiber diameters and embedded lengths, which are also associated with 

the occurrences of the fiber breakage and the matrix failure. In addition, optical microscope and 

scanning electron microscopy (SEM) observations at mesoscale are performed for the further analysis.  
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2.1 Introduction 

UHPFRC is a construction material characterized by its very high compressive strength, 

excellent durability, energy absorption capacity and damage tolerance (Yu, 2015). Fibers play an 

important role in UHPFRC. The incorporation of fibers in UHPFRC significantly improves its tensile 

strength, post-cracking ductility and energy absorption capacity, as well as reduces the crack width 

and crack spacing (Tran et al., 2015). In addition to the fiber amount, individual pullout behavior of 

the activated fibers crossing a crack is also an important factor that affects the performances of 

UHPFRC composites.  

As a foundation to analyze the fiber effects on cementitious composite, single fiber pullout test 

can provide a comprehensive understanding of the fiber-matrix interface properties as well as the stress 

transfer mechanisms between the fiber and the matrix (Wille and Naaman, 2010). A number of tests 

concerning single fiber pulled out from NC have been performed (Orange et al., 1999). However, since 

the quality of the matrix is one of the dominant factors influencing the pullout behavior, the 

performance of steel fibers embedded in UHPC matrix can differ remarkably with that in NC (Kim et 

al., 2012; Wille and Naaman, 2010): instead of a sudden sharp drop after reaching the peak stress as 

observed in the case of NC, the pullout stress of UHPC declines gradually. As indicated by SEM 

images, the fiber-matrix interface zone of the UHPC matrix is much denser than that of NC (Wille and 

Naaman, 2010). This dense interface offers a higher resistance to matrix spalling and leads to the 

improved  pullout resistance (Li et al., 1990).  

In UHPFRC, fibers are usually randomly distributed. Fibers under different inclination angles 

have distinct contributions (Laranjeira et al., 2010). On the one hand, fiber inclination increases the 

bridging force and the pullout work (Isla et al., 2015; Markovic, 2006). On the other hand, it also 

generates higher stresses in the fiber and the matrix, and thus arouses a higher fiber and/or concrete 

rupture potential (Isla et al., 2015; Markovic, 2006). The analytical model developed by Zhang and Li 

(Zhang and Li, 2002) exhibited that the fiber breakage load of an inclined fiber is significantly reduced 

compared to that of an aligned one, and this load decreases with the increasing elastic modulus of the 

matrix. It can be inferenced from their research that an inclined steel fiber embedded in UHPC with a 

higher elastic modulus may have a higher chance to break during the pullout process. This indicates 

the importance of studying the effects of fiber inclination angle on its pullout behavior from UHPC. 

Nonetheless, most of the current pullout investigations regarding UHPC focus on aligned fibers while 

research concerning inclined fibers is inadequate. Among the limited studies, Lee et al. (Lee et al., 

2010) conducted pullout tests of straight steel fibers embedded in UHPC under 0° to 60°, and reported 

that the largest peak load is observed at an angle between 30° and 45°. Xu et al. (Xu et al., 2016) 

studied the pullout behaviors of straight steel fibers from UHPC and analyzed the influences of 

inclination angles on the loading rate sensitivity; it was found in their research that an inclination angle 

of 20° leads to a more obvious rate effect.  

It is noteworthy that the object of the above studies is straight steel fibers. However, recent 

researches have revealed that compared to the straight-fiber-reinforced UHPFRC, the UHPFRC 

reinforced by an appropriate content of hooked-end steel fibers endows superior properties with 

respect to post cracking strength, strain capacity and multiple cracking behavior (Liu et al., 2016; Park 

et al., 2012; Wu et al., 2016). This makes understanding the pullout behavior of inclined hooked-end 

fibers from UHPC matrix a significant research topic. Nevertheless, relevant study is insufficient. Tai 



 

20 

 

   Chapter 2 Static pullout 

and El-Tawil (Tai and El-Tawil, 2017) investigated the pullout behavior of inclined deformed steel 

fibers from UHPC under different loading rates, and found that the pullout resistance is sensitive to 

both the inclination angle and the loading rate. However, their study focused more on the loading rate 

effect rather than the pullout angle. Furthermore, analytical models are important tools to evaluate the 

snubbing and spalling effects caused by the fiber inclination on its pullout response (Lee et al., 2010). 

Despite the numbers of models concerning straight steel fibers (Lee et al., 2010; Tai and El-Tawil, 

2017), models for the inclined hooked-end fiber are still rare and require more investigations. 

To fill the gap, this chapter aims to study the pullout performances of hooked-end steel fibers 

embedded in UHPC matrix, with the special attention paid to the effects of fiber inclination angle. 

Single fiber pullout tests are performed, supported by mechanical parameter calculations. Based on 

previous models for straight fibers, a new analytical model for hooked-end fibers to evaluate the 

snubbing and matrix spalling effects is developed. Additionally, mesoscale observations of the 

investigated fibers and the UHPC are carried out employing optical microscope and SEM.  

 

2.2 Single fiber pullout experiments 

2.2.1 Steel fibers 

As shown in Fig. 2-1, two types of hooked-end steel fibers are used in the single fiber pullout 

tests. One is Dramix RC-80/30-BP fiber, and the other one is a one-hooked-end steel fiber cut from 

Dramix 5D fiber. The basic geometry and mechanical parameters of the fibers are given in Table 2-1. 

The identification is defined as follows: the first letter H represents the hooked-end steel fiber, the first 

number denotes the fiber diameter in mm, and the last number shows the fiber embedded length in 

mm. For example, H-0.38-10 is a hooked-end fiber with a diameter of 0.38 mm and an embedded 

length of 10 mm. 

 

   
 

Fig. 2-1 Hooked-end steel fibers in the single fiber pullout tests 

 

Table 2-1 Specifications of fibers 

Fiber type Dramix RC-80/30-BP fiber One-hooked-end fiber cut from Dramix 5D fiber 

Identification H-0.38-10 H-0.9-10 H-0.9-15 

Fiber diameter df  (mm) 0.38 0.90 0.90 

Fiber length lf (mm) 30 60 60 

Embedded length le (mm) 10 10 15 

Fiber strength σy (MPa) 2600 2600 2600 

 

2.2.2 UHPC matrix  

The UHPC matrix for the pullout test is based on the recipe described in (Li et al., 2018), as 

presented in Table 2-2. The raw materials used are Portland Cement CEM I 52.5 R (PC), micro-silica 

(mS), limestone powder (LP), sand 0-2 (S), basalt aggregate with sizes from 1 mm to 3 mm (BA 1-3), 

water (W), and PCE-type superplasticizer (SP). More detailed information about the material specific 

2.5 mm 2 mm 

2 mm 1.5 mm 

Dramix 5D fiber (for illustrative purposes, not used in the research) 

One-hooked-end steel fiber cut from Dramix 5D fiber 

Dramix RC-80/30-BP fiber 
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densities, particle size distributions, and mix design of the UHPC mixture can be found in (Li et al., 

2018). The 28 days compressive strength σc,s of the UHPC is 156 MPa (measured with 100 mm cubes). 

The spread flow of the UHPC is around 27 cm, measured by the Hägermann cone without jolting 

according to EN 1015-3:2007 (DIN EN 1015-3, 2007). 

 

Table 2-2 Recipe of UHPC matrix: CEM = Portland cement, mS = micro-silica, LP = limestone powder, S = sand, BA 1-

3 = basalt aggregate with sizes of 1-3 mm, W = water, SP = superplasticizer. 

Materials 
CEM 

(kg/m3) 

mS 

(kg/m3) 

LP 

(kg/m3) 

S 

(kg/m3) 

BA 1-3 

(kg/m3) 

Wa 

(kg/m3) 

SPb 

(kg/m3) 

Quantity 675 45 180 864.5 576.3 180 10.8 

a: Water from SP is included. 

b: The solid content is 35%. 

 

2.2.3 Mixing and casting procedures 

The following mixing procedure is adopted for the preparation of the UHPC matrix: dry mixing 

for 2 minutes with all powder, sand and basalt aggregate; adding 75% water and mixing for 2 minutes; 

sequentially adding the remaining water with the superplasticizer incorporated and mixing for another 

2 minutes at a low speed and then 4 minutes at a high speed. The mixing procedure is conducted at 

room temperature of about 20 ± 1 ℃.  

Dog-bone shaped mould (Fig. 2-2) is used for casting the specimen. The thickness of the mould 

is 20 mm. As presented in Figs. 2-2a and b, two pieces of hard foam with dimensions of 10 × 10 × 25 

mm3 are applied to hold the hooked-end steel fiber. The fiber is carefully placed on one piece of the 

hard foam with the desired embedded length and inclination angle, after which the fiber is fixed on the 

hard foam with a thin strip of scotch tape. Next, the other piece of the hard foam is put on it, 

sandwiching the fiber in between. The two pieces of hard foam are then wrapped together by tape and 

put inside the mold.  

The fresh UHPC is poured without vibration into a half dog-bone shape mould. After casting, 

the specimens are covered with plastic sheets to prevent moisture evaporation and stored at room 

temperature for 24 hours. Then they are demolded and cured in water under room temperature for 

additional 27 days. All specimens are tested in surface dry condition at the age of 28 days, and the 

hard foam is removed before testing. The fiber inclination angles applied in this study are 0°, 10°, 20° 

and 30°.  

 

2.2.4 Pullout test setup and procedure 

The pullout test is conducted using an Instron 5967 universal testing machine (Fig. 2-2c). A 

round concrete grip is applied to hold the half dog-bone shaped specimen in order to reduce the 

confining effect of the grip on the concrete. The fiber grip is specially designed such that the free end 

of the fiber is tightly held without significant slip in the grip. By assuming that the elastic deformation 

of the steel fiber and the grips are small enough (Tai et al., 2016; Xu et al., 2016; Yoo et al., 2017b), 

the fiber slip is measured according to the vertical movement of the grip system. The pullout load is 

measured by a load cell with a capacity of 30 kN. A preload of 10 N was added to remove slack in the 

system. The tests are performed under the displacement control and the pullout rate adopted is 0.5 

mm/min. At least five specimens are tested in each category.  
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(a) 0 °specimen                     (b) 30 °specimen                           (c) Testing machine 

Fig. 2-2 Pullout specimens and test setup 

 

2.2.5 SEM observations  

SEM analysis is performed to investigate the mesoscopic interface structure between the steel 

fiber and the UHPC matrix. The sample preparation process for the SEM analysis can be briefly 

described as follows: (1) Cutting. The observed regions are cut into small pieces from the air-dried 

specimens. (2) Epoxy resin coating. The samples are put in cylindrical rubber containers with the 

desired face parallel in the horizontal direction, and then impregnated with epoxy. (3) Polishing. After 

the epoxy is hardened, i.e. approximately 6 hours, the samples are polished using an auto polisher for 

5 min with a 600 grit silicon carbide sand paper, and for another 5 min with an 800 grit silicon carbide 

sand paper.  

 

2.3 Pullout responses  

During the pullout tests three distinct responses are observed, namely complete fiber pullout, 

fiber breakage and matrix failure. The first one is usually observed under small pullout angles for the 

three categories. On the contrary, the second and third ones occur more frequently under larger 

inclination angles in the cases of the H-0.38-10 and H-0.9-10 categories, respectively.  

In most cases, at least 5 specimens are used to obtain the averaged pullout load-slip curve. 

However, for the H-0.38-10 category at 30°, only 3 specimens are used due to the fiber breakage of 

the other specimens (Table 2-3). For the H-0.9-10 category, the average process is based on 3 or 4 

specimens for each pullout angle, which is because of the matrix failure problem (Table 2-4). The 

commercial data analysis software Origin is adopted for the averaging procedure. An example of the 

averaged pullout load-slip curve is given in Fig. 2-3. Scatterings of the curves are observed in spite of 

the efforts dedicated for careful specimen preparation and experiment execution.  

 

Table 2-3 Number of fiber breakage specimen and total tested specimens 

Angle (°) 0 10 20 30 

H-0.38-10 0 out of 5 2 out of 7 2 out of 7 7 out of 10 

 

Table 2-4 Number of matrix damaged specimens 

Angle (°) 0 10 20 30 

H-0.9-10 1 out of 5 2 out of 5 3 out of 6 6 out of 6 

Fiber grip 

 
 

Concrete grip 

30° 

25 mm 

50 mm 

8
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Fig. 2-3 Averaged pullout load-slip curve of H-0.9-15 fiber under 20° 

 

2.3.1 Complete fiber pullout  

Typical pullout load-slip relationships for the H-0.38-10 fiber under different angles are plotted 

in Fig. 2-4. As can be observed in the figure, these curves have resemble shapes, suggesting a similar 

pullout process under different inclination angles. In the initial elastic stage of the pullout test, the 

response is almost linear until the initiation of debonding (point A), after which fiber-matrix interface 

failure begins. The pullout load then increases at a slower rate. The contribution of the hook is activated 

after the complete debonding of the fiber and it reaches the peak at point B. Through the pullout process 

at this stage, the hook part of the steel fiber undergoes large deformations, i.e. plastic hinges are formed 

in the two curved sections of the fiber hook where plastic bending occurs. In the post-peak stage, the 

hook undergoes a straightening procedure, during which the plastic hinges play an important role. The 

fluctuations of the curve after point B are associated with the deformation of the hook. When the hook 

is fully straightened and slips along the straight tunnel (point C), the plastic hinges are deactivated and 

the fiber-matrix friction becomes the dominant mechanism. The pullout load decreases gradually due 

to the reduction of the remaining embedded length until the end of the pullout process (point D). 

 

 
Fig. 2-4 Pullout load-slip curves of H-0.38-10 fiber 

 

Fig. 2-4 also exhibits the effect of the inclination angle on the peak pullout load Pmax. The Pmax 

at 0° and 10° are close to each other and they are slightly higher than those at 20° and 30°. This is 

primarily due to the small concrete pieces spalling off from the pullout surface at 20° and 30°, resulting 

A 

B 

C 
D 
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in a smaller embedded length of the steel fiber and thus a reduced pullout load. An example of the 

matrix spalling zone on the pullout surface at 30° is shown in Fig. 2-5a. The tendency in Fig. 2-4 is in 

accordance with the finding in (Banthia and Trottier, 1994) that Pmax of the hooked-end fiber remained 

nearly unchanged at angles from 0° to 60° when it is pulled out from high-strength concrete matrix 

(σc,s = 85 MPa). Nonetheless, contradictory results can be found in other studies. For example, Tai and 

El-Tawil (Tai and El-Tawil, 2017) tested the pullout behavior of a hooked-end steel fiber from UHPC 

(σc,s = 184MPa) at 0° ~ 45° and found that the Pmax was maximized at approximately 30°. The 

difference may be ascribed to the following reasons. Firstly, the enhanced strength of the matrix in 

(Tai and El-Tawil, 2017) can lead to an improved frictional resistance between the fiber and the matrix, 

generating a more remarkable snubbing effect that increases Pmax with the inclination angle (Robins et 

al., 2002). Secondly, in their test matrix spalling is only observed at 45°, which means the resistance 

loss due to the reduced embedded length is only occurred at 45° rather than at 20 and 30° as observed 

in this study.  

 

                        
(a) Matrix spalling                        (b) Ruptured fiber 

Fig. 2-5 Matrix spalling and fiber breakage 

 

2.3.2 Fiber breakage 

One common problem for pulling out an inclined fiber is its breakage. In this study, the majority 

of the H-0.38-10 fibers broke inside the matrix near the pullout surface when the inclination angle is 

30°. The numbers of specimens experienced fiber breakage are given in Table 2-3. An example of the 

ruptured H-0.38-10 fiber is shown in Fig. 2-5b, in which the irregular break surface and the reduced 

local cross-section area due to Poisson effect, i.e. necking, can be clearly observed. 

During the pullout process, the fiber breaks when the localized strain is higher than its limit value 

or when the pullout resistance exceeds the ultimate tensile strength of the steel material. As suggested 

in (Robins et al., 2002), the yield of the steel fiber is the consequence of inter-crystal slip in metal 

caused by atomic-level dislocation movements. In the case of the inclined fibers, additional shear stress 

is imposed on the fiber where it enters the matrix. This additional stress considerably accelerates the 

inter-crystal slip within the crystal system of the fiber by lowering both its yield and ultimate strengths 

(Robins et al., 2002). As a consequence, the inclined fiber would reach the ultimate conditions under 

a lower applied load. In other words, the fiber breakage load of an inclined fiber is reduced compared 

to its aligned counterpart, i.e. fiber apparent strength degradation occurs (Zhang and Li, 2002). Since 

the degradation is more pronounced under a larger angle, a highly inclined fiber exhibit a higher 

possibility to break during the pullout process. 

 

2.3.3 Matrix failure  

The pullout behavior of the H-0.9-10 fiber is illustrated in Fig. 2-6a. For this category, 20° is the 

optimum pullout direction to achieve the largest Pmax. The curve corresponding to 30° drops suddenly 
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at a slip of about 1.8 mm. This is because all the specimens tested at 30° experience serious matrix 

failure, leading to a rapid pullout of the fibers. Fig. 2-7 shows examples of a failed matrix specimen 

and the H-0.9-10 fiber after the test at 30°. As the figure presents, the matrix is cracked from a location 

near the hooked-end and the cracks propagate to the pullout surface, forming a crater inside the 

concrete. The depth of the crater is approximately the same as the embedded length of the fiber. As 

can be seen, the H-0.9-10 fiber is pulled out from the cracked matrix before the hook is straightened, 

which manifests that the contribution of the hook is not fully utilized. This matrix failure occurs more 

frequently with the increase of the pullout angle (see Table 2-4).  

 

 
(a) H-0.9-10 category 

 

 
(b) H-0.9-15 category 

Fig. 2-6 Pullout load-slip curves 

 

                      
Fig. 2-7 Example of matrix failure and the fiber under 30° 

 

The prominent anchorage force provided by the hook and the relatively small embedded length 

in the matrix may conduce to the matrix failure. Firstly, the stress at the bending regions of the hook 

due to slip shear initiates the fracture of the matrix, making the matrix near the hook a weak region. 
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Secondly, the surrounding concrete matrix that covers the hook is too thin to resist the large anchorage 

force when the fiber embedded length is insufficient. This inappropriate combination of the large hook 

and the small embedded length thus results in the matrix failure.  

Increasing the fiber embedded length or adding micro fibers in the matrix are two potential 

methods to prevent the matrix failure. In this study, the former is utilized considering its simplification. 

The embedded length le is increased from 10 mm to 15 mm, viz. the H-0.9-15 category. With this 

enlarged le, only one specimen has the matrix failure problem when it is pulled-out at 30°, none of the 

rest specimens encounters this problem. The pullout load-slip relationships for the H-0.9-15 category 

are plotted in Fig. 2-6b, in which increase of the peak pullout load is observed with the increase of the 

inclination angle. Moreover, the pullout slip under the peak load increases with the inclination angle, 

while the slope of the pre-peak branch of the curve decreases. Additionally, the Pmax of the H-0.9-15 

category is also higher compared with that in the H-0.9-10 category, thanks to the longer le. 

 

2.4 Parametric evaluation and mechanism analysis 

2.4.1 Evaluation of parameters for fiber pullout performance 

To study the influences of the inclination angle, the following mechanical parameters are 

calculated. The maximum fiber stress σmax is an important parameter to estimate the fiber utilization 

efficiency and to predict fiber pullout modes, i.e. pullout or rupture. It also gives reference to determine 

the minimum fiber strength needed to avoid fiber fracture. Furthermore, the maximum bond strength 

τmax, related to the peak pullout load, is often used to evaluate the pullout resistances of fibers with 

different geometries (Yoo et al., 2017b). Moreover, assuming the bond strength is constant along the 

entire fiber embedded length, the equivalent bond strength τeq can be defined based on the pullout 

energy dissipation, and it is associated with matrix cracking behaviors (Park et al., 2014; Yoo et al., 

2017b). Equations for calculating these parameters are: 

Maximum fiber stress: 
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Equivalent bond strength: 
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where Pmax is the peak pullout load (MPa); Ep is the pullout energy dissipation, and it is defined 

geometrically by the area below the pullout load-slip curve (N∙mm); df is the diameter of the fiber 

(mm); and l is the actual fiber embedded length obtained from the pullout load-slip curves (mm).  

Fig. 2-8 presents the effects of the inclination angle on these parameters. Pmax, τmax and τeq of the 

H-0.9-10 category at 30° are not given because of the serious matrix failure making the results 

incomparable. It can be seen from Fig. 2-8 that the inclination angle barely affects the results of the 

H-0.38-10 category. For example, σmax of the H-0.38-10 category decreases slightly with the pullout 

angle (Fig. 2-8c), showing that the aligned fiber or fiber with a small inclination angle achieves a 

slightly higher fiber efficiency. This is quite different from the H-0.9-15 category, where improving 

the pullout angle leads to the increases of these parameters. In addition, no clear trend can be obtained 

for Ep and τeq of the H-0.9-10 category, while Pmax, σmax and τmax achieve their maximum values at 20°.  



 

27 

 

   Chapter 2 Static pullout 

 
(a) Peak pullout load Pmax                                                                                                       (b) Pullout energy EP 

 
(c) Maximum fiber stress σmax                                                                        (d) Maximum bond strength τmax 

 
(e) Equivalent bond strength τeq 

Fig. 2-8 Influences of angle on mechanical parameters 

 

In comparing these parameters for the H-0.38-10 and H-0.9-10 categories, Pmax, Ep, τmax and τeq 

are improved with the increasing of the fiber size. Since τeq is related with matrix cracking behaviors, 

the higher τeq of the H-0.9-10 category is in line with its more frequent matrix failure occurrence during 

the pullout tests. In contrast, σmax of the H-0.38-10 category is about twice larger than that of the H-

0.9-10 category, and it is close to the fiber strength σy = 2600 MPa. This larger σmax, on the one hand, 

indicates a higher utilization efficiency of the smaller fiber; on the other hand, it also explains the 

higher fiber breakage occurrence of the H-0.38-10 fiber in the pullout tests.  

Furthermore, comparisons between the H-0.9-10 and H-0.9-15 categories demonstrate that 

increasing the embedded length le can efficiently improve Pmax and Ep. To specify, approximately 28% 

and 65% increases are obtained for Pmax and Ep, respectively, when le increases from 10 mm to 15 mm. 
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However, τeq and τmax tend to be higher when le is shorter, i.e. the averaged τeq and τmax of the H-0.9-10 

category are approximately 38% and 18% higher than those of the H-0.9-15 category. This higher τeq 

and τmax with smaller le of the hooked-end fiber in turn indicates the more prominent contribution of 

the hook than the straight part of the fiber.  

 

2.4.2 Snubbing and matrix spalling effect 

The influences of fiber inclination on the pullout performance are associated with both the 

snubbing effect and the matrix spalling effect. The phenomenon that the pullout load increases with 

the increase of the inclination angle is related to the “snubbing effect”, owing to snubbing friction 

forces invoked by fiber bending. As illustrated in Fig. 2-9a, when a straight fiber is being pulled out 

with an inclination θ under a force P, a snubbing friction force F will be generated by the normal force 

N and the relative slip between the fiber and matrix. In assumption that the matrix has the same 

deformation with the bending fiber in the curvature part, the friction system can then be illustrated as 

a tensioned fiber snubbed to a virtual cylinder (Li et al., 1991). This invoked snubbing friction force 

only exists in the curvature region and it can promote enhancements of the pullout resistance and the 

overall composite toughness (Li et al., 1991; Robins et al., 2002). On the contrary, the “matrix spalling 

effect” will lead to the decrease of pullout load with the increasing angle. Fiber inclination can cause 

a stress concentration at the matrix pullout surface, and consequently, local failure of the supporting 

matrix near the bearing point, i.e. matrix spalling, occurs (Li et al., 1990). As the inclination angle 

increases, the stress concentration is also enhanced, leading to a more considerable portion of the 

concrete to crush at the pullout surface and a longer freed embedded length, thus a lower pullout load 

(Lee et al., 2010). 

 
(a) Inclined straight fiber          (b) Aligned hooked-end fiber          (c) Inclined hooked-end fiber 

Fig. 2-9 Illustrations of snubbing effects 

 

To study the snubbing effect and the matrix spalling effect, the corresponding evaluation 

coefficients, i.e. snubbing friction coefficient fp and spalling coefficient kp, are calculated. It should be 

noted that previously proposed models for calculating fp were developed only for straight fibers 

without mechanical anchorage (Lee et al., 2010; Li et al., 1990; Tai and El-Tawil, 2017). This study 

expands these models, and proposes a new analytical model for hooked-end fibers. 

Firstly, a normalized load Pn is defined as the ratio of the peak load to the pullout length at a 

given angle θ, normalized with the ratio at the pullout angle of 0° (Li et al., 1990):  
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where ,maxP   and ,0maxP  are the peak pullout loads at θ and 0° (MPa); L  and 0L  are the corresponding 

actual fiber embedded length (mm). 

As suggested in  (Lee et al., 2010; Li et al., 1990; Yang et al., 2008), the following equation is 

used to represent the snubbing effect on a straight fiber: 
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where ,n sP  is the normalized load for the straight fiber; , ,max sP   and , ,0max sP  are the peak pullout loads 

of the straight fiber at θ and 0° (MPa), respectively. 

Assuming that the interfacial shear stress is uniform along the embedded fiber and increases gradually 

with the pullout load until it approaches the interfacial shear strength τ (Fu et al., 1993), together with 

Eq. 2-5, , ,0max sP and , ,max sP  can be expressed as:   

, ,0 0max s fP d L                                                                                                                                  (2-6) 

, ,
pf
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                                                                                                                             (2-7) 

Next, the above equations are expanded for hooked-end fibers. The snubbing effects of a hooked-

end fiber at 0° and θ are shown in Figs. 2-9b and c, where α is the angle of the hook. As can be 

observed, even when the hooked-end fiber is aligned, snubbing friction forces will be generated during 

the pullout process because of the curvatures of the hook (the virtual cylinders in Fig. 2-9b). This 

denotes similar snubbing effects as the inclined straight fiber in Fig. 2-9a. Consequently, the peak 

pullout forces for the hooked-end fiber at 0° and θ (MPa) can be expressed as Eqs. 2-8 and 2-9. It is 

worth mentioning that for the hooked-end fiber, τ is an equivalent value with both the frictional effect 

(due to the straight part of the fiber) and part of the anchorage effect (due to the hook) included.  
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Substituting Eqs. 2-8 and 2-9 into Eq. 2-4, the normalized load for the hooked-end fiber considering 

the snubbing effect is obtained: 
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Moreover, supposing that the pullout load does not reduce in the case of the aligned fiber and 

that the pullout load does not act on the fiber when the load direction is perpendicular to the fiber axial, 

an equation to account for the spalling effect is presented (Lee et al., 2010; Tai and El-Tawil, 2017): 



 

30 

 

   Chapter 2 Static pullout 

 , ,2 cos pk

n hP                                                                                                                                 (2-11)  

Combining the above two effects, an analytical model for the hooked-end fiber is proposed: 
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The results of the H-0.9-10 and H-0.9-15 categories are applied for validating the proposed 

model, with the angle of the hook α = 45°; hook length LBC = 2.83 mm and LCD = 2.5 mm; 

       AB e BC CDL l L sin L   . The snubbing friction coefficient and the spalling coefficient are obtained as 

fp = 1.25 and kp = 1.0. Fig. 2-10 plots the comparison between the test results and the calculated 

normalized loads for the two tested categories, as well as for the pullout tests results in (Tai and El-

Tawil, 2017) with the above obtained fp and kp. The good match indicates the validity of the proposed 

model. It is noteworthy that for the analytical results of (Tai and El-Tawil, 2017), kp is only used at 

45°, in which case concrete spalling was observed (Tai and El-Tawil, 2017). Besides, one should be 

aware that the obtained fp and kp in the present study are different from the ones in (Lee et al., 2010) 

with straight steel fiber, i.e. fp = 1.6, kp = 1.8. This can be explained by the following reasons. Firstly, 

the fiber types in the two studies are different, which can induce distinct snubbing and matrix spalling 

effects. Secondly, the test specimen in (Lee et al., 2010) includes 32 steel fibers, and the pullout 

behavior is examined using the average value relative to one fiber. This measurement of the pullout 

load can differ with the result from the single fiber pullout test due to the group effect, which may 

reduce the fiber efficiency as well as the matrix’s capability to resist the bond (Wille and Naaman, 

2012). Hence, the snubbing friction force has a distinct distribution along the fiber and the spalling of 

the matrix is also different. 

 

 
Fig. 2-10 Comparison between experimental data and analytical modelling 

 

2.5 Optical microscope and SEM observations 

After the pullout tests, the fibers are carefully checked using an optical microscope to further 

investigate the effects of the inclination angle on the fiber-matrix bond. The H-0.38-10 and the H-0.9-

15 fibers before and after the pullout tests are compared and shown in Figs. 2-11 and 2-12. It is evident 
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that the brass coating of the H-0.38-10 fiber is almost completely delaminated from the steel surface 

after the pullout test. This is different from the H-0.9-15 category, in which most of the coated brass 

still remains on the fiber surface and only a few longitudinal scratches due to matrix abrasion are 

observed. Furthermore, insignificant difference exists between the fiber surfaces at 0° and 30°: slightly 

more matrix remnants are observed adhering to the fiber at 30°, e.g. Fig. 2-11c. These cementitious 

materials sticking to the fiber accumulate near the fiber end, which may confine the fiber more tightly. 

This is in line with the slightly larger post-peak load for the H-0.38-10 fiber at 30° (see Fig. 2-4). 

 

                        
(a) Before pullout test            (b) Pulled out under 0°             (c) Pulled out under 30° 

Fig. 2-11 H-0.38-10 fiber under optical microscope observation 

 

                         
(a) Before pullout test             (b) Pulled out under 0°           (c) Pulled out under 30° 

Fig. 2-12 H-0.9-15 fiber under optical microscope observation 

 

The fiber-matrix interfaces are observed using SEM. The images of the microstructures around 

the H-0.38-10 fiber at 0° and 30° are presented in Fig. 2-13. Only a few pores are revealed in the 

interfacial transition zones (ITZ) around the fiber, implying a dense microstructure and a strong bond 

between the fiber and the UHPC matrix. This dense ITZ induces the delamination of the brass coating 

from the fiber surface during the pullout process and agrees well with the observations in Fig. 2-11. In 

addition, the similar ITZ for the 0° and 30° fibers indicates that the microstructure densification of ITZ 

is not sensitive to the inclination angle. According to (Wille, 2012), the fiber-matrix bond is dependent 

on both the matrix packing density and fiber surface properties. The alike ITZ quality in Fig. 2-13 

under different inclination angles reveals a similar bond, which also helps to explain the similar initial 

ascending slop of the pullout curves in Fig. 2-4 that is associated with the fiber-matrix adhesive 

bonding and debonding process. 

 

2.6 Conclusions 

The pullout performances of the hooked-end steel fibers embedded in UHPC matrix are 

systematically investigated in this chapter. Two types of hooked-end fibers with different fiber 

diameters and embedded lengths are tested and discussed. The effects of the inclination angle (0°, 10°, 

20° and 30°) on the pullout response are analyzed. The following conclusions can be drawn: 

 

 

Matrix remnants 
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(a) Inclination angle 0° 

 

           
(b) Inclination angle 30° 

Fig. 2-13 SEM images of microstructures around H-0.38-10 fiber 

 

(1) Due to the strong bond and anchorage in the UHPC matrix, the small hooked-end fiber, viz. 

the H-0.38-10 fiber, breaks under a large inclination angle. In contrast, the large fiber with an 

appropriate embedded length, viz. the H-0.9-15 fiber, shows a complete pullout behavior and exhibits 

a more ductile response under the tested angles. 

(2) Embedded length is an important factor affecting the pullout response of the large hooked-end 

fiber. In the H-0.9-10 category, the relatively small embedded length results in a serious matrix failure 

problem, which tremendously reduces the energy absorption capacity of the specimen.  

(3) In the H-0.38-10 category, the peak pullout loads Pmax at 0° and 10° are close to each other and 

they are slightly higher than those at 20° and 30°. In contrast, the optimum angles to achieve the 

maximum Pmax are at 20° and 30° for the H-0.9-10 category and the H-0.9-15 category, respectively.  

(4) Regarding the fiber efficiency, the small hooked-end fiber, viz. the H-0.38-10 fiber, has a 

higher utilization level and it is the highest at the pullout angle of 0°. The utilization efficiencies of the 

H-0.9-10 and H-0.9-15 categories are approximately half that of the H-0.38-10 category, and they 

reach their maximum values at 20° and 30°, respectively. 

(5) To effectively evaluate the combined effects of snubbing and matrix spalling, a new analytical 

model for the hooked-end fiber is proposed and validated. The corresponding snubbing friction 

coefficient fp = 1.25 and matrix spalling coefficient kp = 1.0 are obtained.  

(6) The SEM images of the fiber-matrix interface confirm the dense microstructure of the ITZ in 

the designed UHPC matrix. The SEM of the H-0.38-10 fiber demonstrates that the fiber inclination 

barely affects the ITZ quality, thus no obvious difference of the fiber-matrix bond is observed under 

different fiber inclinations.
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Chapter 3 

Effects of loading rate on the pullout performance of 

hooked-end steel fiber embedded in UHPC * 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*This chapter is partially reproduced from: Y.Y.Y. Cao, Q.L. Yu, H.J.H. Brouwers, W. Chen, 

Predicting the rate effects on hooked-end fiber pullout performance from UHPC, Cement and Concrete 

Research 120 (2019) 164–175. 
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Abstract 
 The rate-dependent pullout performances of a hooked-end fiber embedded in UHPC matrix are 

investigated in this chapter. Pullout load-slip relationships under loading rates from 5 mm/min to 1000 

mm/min, and the corresponding dynamic pullout responses are analyzed. The results show that the 

pullout energy is more rate sensitive than the peak pullout load, e.g. with an embedded length of 15 

mm, the dynamic increase factors (DIFs) of the fiber pullout energy and the peak pullout load under 

1000 mm/min are 1.46 and 1.22, respectively. Moreover, the rate effect on the pullout load is more 

prominent with a smaller embedded length due to the higher matrix cracking potential associated with 

the smaller concrete confinement. Further, a new analytical model to predict the dynamic peak pullout 

loads covering the loading rates from quasi-static to intermediate levels is proposed and validated. The 

present findings disclose that the inertial effects related to the crack initiation and propagation in the 

fiber-matrix interface have a significant influence on the rate dependent pullout behavior.  
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3.1 Introduction 

UHPFRC is an advanced development in concrete industry. The very low water to binder ratio 

and the high particle packing density of the matrix result in its extremely high compressive strength, 

and the addition of steel fibers contributes to its excellent energy absorption capacity. Such superior 

mechanical properties of UHPFRC overcome the brittle nature of conventional concrete that causes 

an inherent poor behavior under dynamic loads (Yoo and Banthia, 2016), therefore, making UHPFRC 

a promising material for impact and blast resistant constructions (Yu, 2015). As a result of the strain 

rate effect, the behavior of cementitious materials subjected to dynamic loadings usually differs from 

that under static loadings, e.g. the strength, failure mode, and crack development velocity can be 

affected by the external loading rate (Weerheijm, 2013). Strain rate regime divisions and the 

corresponding loading scenarios are given in Fig. 3-1 (Tai, 2009a).  

 

 
Fig. 3-1 Strain rate regimes and corresponding loading scenarios (Tai, 2009a) 

 

Recent research reveals that UHPFRC reinforced with hooked-end fibers has an improved 

capacity in resisting pendulum impacts (Yoo and Banthia, 2016), indicating its potential to withstand 

dynamic loadings at intermediate strain rates. Given that steel fibers, UHPC matrix and the interface 

in between are rate sensitive, the pullout performances of the hooked-end fiber embedded in UHPC 

are thus expected to be rate dependent (Banthia and Trottier, 1991). Understanding this rate-dependent 

pullout behavior is necessary for developing impact-resistant UHPFRC with hooked-end fibers. 

However, contradictions exist about the dynamic pullout performances of hooked-end fibers. For 

instance, Xu et al. (Xu et al., 2016) found that the half-hooked fiber has the strongest rate dependency 

compared to the smooth and twisted fibers. On the contrary, Tai et al. (Tai et al., 2016) obtained similar 

rate sensitivities for the hooked-end fiber and the straight fiber. Conversely, a following study in (Tai 

and El-Tawil, 2017) demonstrated that the hooked-end fiber is less rate sensitive than the straight one. 

This discrepancy indicates the unclearness concerning the mechanisms behind the dynamic pullout 

behavior. By comparing the test results of hooked-end fibers with different embedded lengths in 

several studies, Xu et al. (Xu et al., 2016) supposed that the fiber embedded length may be a significant 

influencing factor on the rate effect. Nonetheless, this supposition is derived by summarizing 

independent studies with different concrete matrices. Aub-Lebdeh et al. (Abu-Lebdeh et al., 2010) 

investigated the rate sensitivities of fiber pullout behaviors with different embedded lengths, and their 

study confirmed that the rate dependency of the hooked-end fiber varies with the embedded length. 

However, only two pullout rates, i.e. 1.26 mm/min and 1524 mm/min, were involved in their study 
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whereas the pullout behaviors at the in-between loading rates were unclear and the mechanisms leading 

to the influences of the embedded length were not addressed.  

Apart from these experimental investigations, little attention has been paid to developing 

analytical models to predict the dynamic response.  To the best of the authors’ knowledge, there is yet 

no analytical model available to predict the pullout resistance of hooked-end steel fibers embedded in 

UHPC under dynamic loadings, i.e. previous analytical models for hooked-end fibers can only be 

applied for quasi-static loading conditions. For instance, Alwan et al. (Alwan et al., 1999) developed 

a model to predict the quasi-static pullout performance of hooked-end steel fibers by applying a 

frictional pulley to simulate the hook action. Sujivorakul et al. (Sujivorakul et al., 2000) considered 

the mechanical anchorage of the hook as a nonlinear spring at the end of the fiber and proposed a 

quasi-static model for hooked-end fibers by extending the one for straight fibers. Laranjeira et al. 

(Laranjeira et al., 2010) experimentally evaluated the contribution of the hook under quasi-static loads 

and developed an analytical model for inclined hooked-end steel fibers based on the experimental data. 

By considering the repetitive bending and unbending of deformed fibers during the pullout process, 

Zile and Zile (Zile and Zile, 2013) proposed a model to investigate the influence of fiber geometry on 

quasi-static pullout performances, a good agreement was observed between their model prediction and 

the experimental results.  

The study in this chapter is motivated by the insufficient understanding of the relationship 

between the rate-effect and the pullout performance of hooked-end fibers embedded in UHPC, as well 

as the lack of dynamic predictive models. Firstly, single fiber pullout tests of a hooked-end steel fiber 

with different embedded lengths under dynamic loading rates from 5 mm/min to 1000 mm/min are 

conducted, the rate range of which includes a broad band of frequencies that are excited by earthquakes 

and some typical impacts in reality. Together with the detailed background knowledge concerning the 

rate effect of cementitious materials, mechanisms affecting the rate sensitivity of the fiber-matrix bond 

are analyzed and the influences of the embedded length on the rate dependency are explained. 

Subsequently, a new analytical model to predict the dynamic pullout resistance of the hooked-end steel 

fiber in UHPC matrix at quasi-static to intermediate rates is proposed and validated.  

 

3.2 Materials and experiments 

3.2.1 Steel fibers and UHPC matrix 

Dramix RC-80/30-BP fiber is used for the dynamic single fiber pullout tests, and it is aligned to 

the pullout direction. The basic geometry and mechanical parameters of the fiber can be found in 

Chapter 2 (Table 2-1). Two embedded lengths are investigated, i.e. le = 10 mm and 15 mm. The UHPC 

matrix for the pullout test is based on the recipe described in Chapter 2 (Table 2-2).  

 

3.2.2 Mixing and casting procedures 

The mixing of the UHPC matrix follows the procedure described in of Chapter 2 (Section 2.2.3). 

After mixing, the self-compacting UHPC mixture is poured into one half of the dog-bone shaped molds 

(Fig. 3-2a), in which a single hooked-end steel fiber is carefully held in place by two pieces of hard 

foam with the desired embedded length. Water curing method at room temperature is employed, which 

is the same as that in Chapter 2.  
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(a)  Dog-bone shaped mold                                 (b) Single fiber in UHPC matrix 

Fig. 3-2 Mold and specimen 

 

3.2.3 Fiber pullout test setup and procedure 

The single fiber pullout test is conducted at the age of 28 days using the same devices in Chapter 

2 (Section 2.2.4). The pullout rates adopted are 5 mm/min, 50 mm/min, 500 mm/min and 1000 

mm/min, and the corresponding strain rates are around 0.003 s-1, 0.03 s-1, 0.3 s-1 and 0.6 s-1 based on 

the dimension of the specimen. As suggested by the strain rate regimes plotted in Fig. 3-1, the smallest 

pullout rate in this study represents the quasi-static condition while the largest one belongs to the 

intermediate level. To obtain reliable data, at least five specimens are tested to calculate the average 

value under each loading rate category.  

 

3.3 Rate dependency of cementitious material 

3.3.1 Rate effects on concrete tensile strength  

The rate dependent behavior of concrete has been the subject of intensive investigations. 

Dynamic increase factor (DIF), i.e. the ratio of dynamic strength to static strength, is commonly used 

to gauge the nominal strength enhancement for engineering applications. The results from extensive 

tests have shown that concrete exhibits a strong rate sensitivity under tensile loads over a wide range 

of strain rates (Weerheijm, 2013). The determination of the tensile strength DIF is recommended by 

the CEB-FIP Model Code 1990 (CEB-FIP, 1990) as: 
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where fct,d is the dynamic tensile strength and fctm is the mean value of the static tensile strength. t  is 

the tensile strain rate; the static reference rate 0t  = 3 ×10-6 s-1. Parameters δt = 1/(10+3σc,s/5), and 

logβt = 7.112δt -2.33. σc,s is the static compressive strength (in MPa). 

 

3.3.2 Mechanisms behind concrete rate dependency 

Concerning the dynamic tension, the enhancement of the concrete tensile strength may be mainly 

attributed to the two factors as explained below. 
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 Stefan effect 

The free water in the pores of concrete is assumed to exhibit the Stefan effect, which can be 

explained by considering the cohesive force between two plates separated by an incompressible water 

film. Most researchers consider the Stefan effect to be one of the vital factors contributing to the rate 

effect on concrete material. According to Weerheijm et al. (Weerheijm, 2013) and Vegt et al. (Vegt, 

2016), the amount, dimension and distribution of pores, as well as the saturation degree of the pores 

in concrete play an important role on the Stefan effect. 

 

 Micro inertia effect 

Inertia at micro-level can affect the stress fields around the concrete defects and delay the 

damage initiation of cracks, resulting in an enhancement in the maximum strength (Reinhardt and 

Weerheijm, 1991). The inertial effects can induce limitations in both crack initiation and propagation 

at micro-levels. When concrete material is under static loading, the rate of fracture energy dissipation 

is in balance with the rate of the external energy supply. At higher loading rates, however, the energy 

supply rate is so high that the external power cannot be absorbed in the fracture process. Hence, a 

major part of the supplied external power is stored as kinetic and deformation energies around cracks, 

changing the stress distribution around crack tips and reducing the stress intensity factor  (Weerheijm, 

2013). A smaller stress intensity means lower energy flux into the fracture zone in concrete, which 

then results in a decrease of the crack develop velocity  (Reinhardt and Weerheijm, 1991). As a 

consequence, the crack propagation is limited and the concrete tensile strength increases with the 

loading rate (Ožbolt et al., 2013; Weerheijm, 2013). 

 

3.3.3 Rate dependency of fiber-matrix interface 

Fig. 3-3a is the SEM image of the fiber-matrix interface before the pullout tests. The interfacial 

zone between the steel fiber and the UHPC matrix has a relatively larger amount of pores than the 

matrix itself. Considering that the Stefan effect is associated with the amount and saturation degree of 

the pores in the concrete matrix (Vegt, 2016; Weerheijm, 2013), the influences of the strain rate due 

to the Stefan effect should be more obvious for the concrete containing more pores and a higher 

internal humidity. One example is that the tensile strength DIF tends to be higher for the concrete with 

a lower strength, which usually has a higher porosity (Othman, 2016; Thomas and Sorensen, 2017). 

In addition, the fiber-matrix interface is usually the weakest part in UHPFRC and has a higher potential 

to crack more seriously than the matrix itself. Hence, the micro-inertia effect associated with cracking 

would also be more significant. Consequently, the fiber-matrix interface is expected to have a more 

prominent rate sensitivity than the UHPC matrix itself, i.e. the DIF of the pullout load can be larger 

compared to the UHPC tensile strength DIF.  

Moreover, when a hooked-end steel fiber is pulled from the UHPC matrix, stress localization 

will be induced in the matrix surrounding the hook. Micro-cracking will be generated if the localized 

stresses exceed the matrix tensile strength. Further, the amount of cracks is associated with the level 

of the matrix confinement, therefore the fiber embedded length (Xu et al., 2016). During the pullout 

process, micro-cracking continuously initiates along the fiber tunnel and then further propagates in the 

UHPC matrix. Some micro-cracks are visually observed in the SEM image of the fiber-matrix tunnel 

after the pullout test at 1000 mm/min (Fig. 3-3b). Since the micro inertial effects on both the crack 

initiation and propagation contribute to the rate sensitivity of cementitious materials (Weerheijm, 



 

39 

 

 Chapter 3 Static pullout 

2013), the occurrence and development of these micro-cracks may result in the rate dependency of the 

fiber-matrix bond. Furthermore, the amount of the rate sensitivity is expected to be associated with the 

matrix strength, fiber geometry and embedment length, which influence the micro-cracking process 

(Xu et al., 2016). 

 

             
(a) Interface before pullout              (b) Interface after pullout 

Fig. 3-3 SEM images of microstructures in fiber-matrix interface 

 

It is worth mentioning that in the single fiber pullout experiments presented in this study, all 

samples have the same recipe and curing condition, and all of them are tested under a surface-dry 

condition. Thus, the pore structures and the moisture content in the fiber-matrix interface are assumed 

to be similar for all the tested samples. Consequently, the rate effect caused by the Stefan effect is 

presumed to contribute comparably in this study, and more attention is paid to the contributions of the 

micro inertial effects when analyzing the rate-dependent pullout behaviors.  

 

3.4 Fiber pullout test results 

3.4.1 Rate-dependent pullout performances 

The pullout load-slip relationships for the hooked-end steel fiber with an embedded length le = 

15 mm at different loading rates are plotted in Fig. 3-4. Analysis of the pullout process can be found 

in Chapter 2 (Section 2.3.1). The curves in Fig. 3-4 at different loading rates confirm the rate sensitivity 

of the pullout performance. Insignificant rate effect is observed in the initial elastic Stage O-A since 

the strain rates have negligible effects on the elastic moduli of steel and concrete in tension (Filiatrault 

and Holleran, 2001). On the contrary, Stage A-B exhibits a rate sensitivity as the slope of the curve 

increases slightly with the increase of the rate. The peak pullout load and the corresponding slip at 

Point B are significantly enhanced at higher loading rates and the fluctuations of the curves at Stage 

B-C become less obvious.  

Since the pullout performance in Stage C-D is primarily dependent on the fiber-matrix friction, 

it can be inferred that the frictional force is rate dependent, which is in line with the findings in (Tai et 

al., 2016; Xu et al., 2016). However, this trend differs with the observation in (Gokoz and Naaman, 

1981), which investigated the pullout behavior of NC. In that study, the descending part of the pullout 

load-slip curve is found to be insensitive to the loading rate, leading to the conclusion that the frictional 

force is not rate dependent. The rate dependent behavior at Stage C-D in the present study may be 

attributed to the stronger bond between the fiber and the UHPC matrix. More efforts are needed to 

debond the fiber from the UHPC than that from the NC; and the pullout process may induce more 

micro-cracks in the UHPC matrix, the initiation and propagation of which in turn amplify the rate 

Pores 

Micro cracks 

Fiber 

Matrix 

Pores 
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Matrix 
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effect. In addition, comparisons of the curves at Stage B-C suggest that the mechanical anchorage due 

to the hook is also rate sensitive. The peaks and drops at Stage B-C due to the anchorage become less 

obvious at higher loading rates, indicating a less significant contribution of the hook under dynamic 

conditions compared to that under static loads. 

 

 

 

 
Fig. 3-4 Pullout performances at different loading rates (le = 15 mm) 

 

 

3.4.2 Rate effects on the pullout load and energy 

 Fig. 3-5 plots the influences of the loading rate on the peak pullout load Pmax and energy Ep in 

the case of le = 15mm. The energy dissipation is defined by the area below the pullout load-slip curve 

(Fig. 3-4). The points illustrated in the figures are the averaged results of each group and the error bars 

indicate the minimum and maximum values. As shown in Fig. 3-5a, Pmax increases from 244.1 N at 5 

mm/min to 297.1 N at 1000 mm/min. Ep undergoes a similar trend, increasing from 1301.3 N·mm to 

1901.3 N·mm at the corresponding loading rates. Additionally, for both Pmax and Ep, more apparent 

improvements are observed in the intermediate loading rate range than in the quasi-static one. For 

example, Pmax has a 3% increase when the loading rate increases from 5 mm/min to 50 mm/min (a fold 

of ten), while the enhancement is 9% when the rate changes from 500 mm/min to 1000 mm/min (a 

fold of two). Moreover, scattering of experimental results is observed, as shown by the error bars in 

Fig. 3-5a. The maximum scatterings of both Pmax and Ep occur at 1000 mm/min, the variation 

coefficients of which reach 16% and 22%, respectively. A similar trend was reported in (Ranade et al., 

2015) which studied the dynamic pullout behavior of PE fibers. 
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(a) Peak pullout load Pmax and pullout energy Ep                                               (b) DIFs 

Fig. 3-5 Rate effects on peak pullout load Pmax and pullout energy Ep (le = 15 mm) 

 

The relationships between the loading rates and the DIFs of Pmax and Ep are summarized in Fig. 

3-5b. The DIFs of Pmax at 50 mm/min, 500 mm/min and 1000 mm/min are 1.03, 1.12 and 1.22, while 

the corresponding values of Ep are 1.17, 1.28 and 1.46, respectively. These strong rate dependencies 

were also observed in a previous research (Abu-Lebdeh et al., 2010), which analyzed the dynamic 

pullout responses of the same hooked-end steel fiber with le = 12.7 mm embedded in UHPC (σc,s = 

175MPa). The DIFs of Pmax and Ep at 1524 mm/min in their study were 1.28 and 1.49, which are close 

to the values at 1000 mm/min in the present study, viz. 1.22 and 1.46. It should be noted that (Abu-

Lebdeh et al., 2010) only investigated the pullout performances at 1.26 mm/min and 1524 mm/min, 

and the former was taken as the static rate to calculat the DIFs. 

At the tested loading rates, Ep tends to be more rate sensitive than Pmax, i.e. the DIF of Ep is 

always larger than that of Pmax. This is in accordance with the findings in (Xu et al., 2016), which 

studied the pullout behaviors of half-hook fibers, although the causes were not addressed in their study. 

The more obvious rate effect on Ep may be correlated to the additional micro-cracking and the 

additional resistance due to the micro-inertia effects at both the fiber debonding and slip stages 

(Weerheijm, 2013). Firstly, the debonding process at the early pullout stages and the hook 

deformations at the fiber end generate micro cracks in the matrix, the inertia effects of which contribute 

to the rate dependency. Secondly, with the slip of the fiber at the later stages of the pullout process, 

some UHPC matrix particles adhere to the fiber surface (Cao and Yu, 2018), causing more damage to 

the surrounding matrix and accelerating the cracks developments. In the case of Ep, the micro inertia 

effect play a role at both the fiber debonding and slip stages, whereas the rate effect on Pmax is more 

related to the debonding process. Therefore, the DIF of Ep is enhanced.  

Furthermore, the DIF of the peak pullout load is higher comparing to that of the UHPC tensile 

strength. As plotted in Fig. 3-6, the DIFs of concrete tensile strength calculated by Eq. 3-1a are 

compared with the pullout test results in the present study.  It is shown that the pullout load DIF at a 

low loading rate, e.g. 50 mm/min, is similar to the corresponding DIF of the UHPC tensile strength, 

whereas at intermediate strain rates the pullout load is more rate sensitive than the matrix tensile 

strength. These higher DIFs of the pullout behavior may be attributed to the more porous interface 

between the fiber and the matrix as well as its relatively lower strength than the matrix itself. As 

mentioned in Section 3.3.3, the Stefan effect is more prominent on the concrete containing more pores, 

and the micro inertia effect plays a more crucial role on the weaker matrix that is more susceptible to 

cracking. These, therefore, result in the higher DIF of the pullout load. 
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Fig. 3-6 DIFs of pullout load and UHPC tensile strength 

 

3.4.3 Rate effects on the maximum and equivalent bond strengths 

To provide a quantitative evaluation of the rate effects on the fiber-matrix interfacial bond 

properties, the maximum bond strength τmax and equivalent bond strength τeq are calculated. Their 

expressions can be found in Chapter 2 (Section 2.4.1). Fig. 3-7 plots the influences of the strain rate 

on τmax and τeq with le = 15 mm. At the quasi-static loading rate (5 mm/min), τmax and τeq are 14.0 MPa 

and 10.1 MPa, respectively; while at the intermediate loading rate of 500 mm/min, the values increase 

to 15.3 MPa and 12.2 MPa, i.e. 9% and 22 % enhancements, respectively. With the further increase of 

the loading rate, τmax and τeq at 1000 mm/min experience noticeable growths, i.e. the values reach to 

17.3 MPa and 15.3 MPa, respectively. As depicted in Fig. 3-7b, DIFs of τeq are higher than those of 

τmax at the tested loading rates, indicating a more obvious rate sensitivity of the former. For instance, 

the DIFs for τmax at 50 mm/min, 500 mm/min and 1000 mm/min are 1.03, 1.09 and 1.24, respectively; 

whereas the corresponding values for τeq are 1.18, 1.21 and 1.52, which are approximately 15%, 11% 

and 23% higher, respectively. 

 

 
(a) Maximum bond strength τmax and equivalent bond strength τeq                                                         (b) DIFs 

Fig. 3-7 Rate effects on maximum bond strength τmax and equivalent bond strength τeq (le = 15 mm) 

 

3.4.4 Effect of embedded length on the rate dependency 

To investigate the effect of fiber embedded length on the rate dependency of the hooked-end 

fiber, a series of single fiber pullout tests are conducted with a smaller embedded length. Fig. 3-8 
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illustrates the pullout load-slip curves at various loading rates with le = 10 mm, in which similar trend 

can be observed as the le = 15 mm case (Fig. 3-4). It is also interesting to mention that the pullout load 

under 5 mm/min in Fig. 3-8 is smaller than that of the aligned fiber (0°) in Fig. 2-4 in Chapter 2. These 

two cases have the same fiber embedded length and the same matrix compositions, and both of them 

are tested under the quasi-static rates. The different pullout loads may be attributed to the different 

specimen dimensions in Chapters 2 and 3, leading to different clamp confinements and therefore 

different pullout behaviors. The comparisons of the specimens are shown in Fig. 3-9. 

 

 
Fig. 3-8 Pullout load-slip curves at different loading rates (le = 10 mm) 

 

      
(a) Specimen in Chapter 2       (b) Specimen in Chapter 3 

Fig. 3-9 Comparison of pullout specimens 

 

Comparisons of the test results between the le = 10 mm and 15 mm categories are plotted in Fig. 

3-10. As depicted in the figures, Pmax and Ep are enhanced with the increase of the embedded length at 

the tested loading rates. For example, Pmax and Ep at 1000 mm/min are 27% and 89% higher for the le 

= 15 mm category than for the le = 10 mm counterpart. In contrast, τmax and τeq tend to be smaller for 

a larger embedded length, e.g. τmax at 500 mm/min for the le = 10 mm and 15 mm categories are 19.2 

MPa and 15.3 MPa, respectively. These observations are consistent with that in Chapter 2, which 

analyzes the influence of the embedded length under static loadings. The higher τmax and τeq with a 

smaller embedded length might be explained by the more remarkable contribution of the hook than 

the straight part of the fiber, despite of the external loading rates. Moreover, the influence of the 

embedded length is the most obvious on Ep, indicating a prominent influence of the fiber length on the 

energy absorption capacity of UHPFRC composites. 
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(a) Peak pullout load Pmax                                                                                             (b) Pullout energy EP 

 

  
(c) Maximum bond strength τmax                                                                   (d) Equivalent bond strength τeq 

Fig. 3-10 Effects of embedded lengths 

 

The effects of the embedded length on the DIFs of Pmax, Ep, τmax and τeq are depicted in Fig. 3-

11. It is obvious that the DIFs increase with the increase of the loading rate for the two tested embedded 

lengths. Moreover, the DIFs of Pmax and τmax are higher in the smaller embedded length category. For 

instance, the DIFs of Pmax and τmax at 500 mm/min are 1.12 and 1.09 for the le = 15 mm category, while 

those for the le = 10 mm category increase to 1.22 and 1.21, respectively. One possible reason is the 

micro-cracking process in the UHPC matrix associated with the matrix confinement (Fig. 3-12) (Xu 

et al., 2016). At the initial stage of the pullout process, local pressure is induced into the surrounding 

matrix near the hooked-end, generating micro cracks in the hook bending points where stresses are 

localized. With a larger embedded length, the matrix confinement is higher, which offsets the split 

cracking and thus reduces the rate effect (Xu et al., 2016). While with a smaller embedded length, 

micro-cracks can occur both in plane and out of plane because of the reduced confinement, 

contributing to a more apparent rate effect (Xu et al., 2016). Since τmax depends on Pmax, and the latter 

is associated with the confinement-dependent micro-cracking process at Stage A-B, the rate effects on 

Pmax and τmax are thus more evident with a smaller embedded length, i.e. le = 10 mm. On the contrary, 

the rate dependencies of Ep and τeq are related to the micro-cracking initiation and propagation at the 

whole pullout stages A to D, and the rate effect induced in the later fiber slip process has more obvious 

influence on fibers with longer embedded lengths. Therefore, DIFs of Ep and τeq are slightly higher for 

the le = 15 mm category, especially at an intermediate loading rate, e.g. 1000 mm/min, at which the 

contribution of the hook is less prominent.  
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(a) Peak pullout load Pmax                                                                                    (b) Pullout energy Ep 

 

 
(c) Maximum bond strength τmax                                               (d) Equivalent bond strength τeq 

Fig. 3-11 Effects of embedded lengths on DIFs 

 

                                       
(a) Larger embedded length                    (b) Smaller embedded length 

Fig. 3-12 Influence of embedded length 

 

3.5 Rate-dependent model  

3.5.1 Predictive model 

A model proposed by Zile and Zile (Zile and Zile, 2013) can be used to predict the peak pullout 

load under the quasi-static loading. Taking it as a base, a new rate-dependent model for dynamic 

loading rates ranging from quasi-static to intermediate levels is developed in this section. 

In order to show the rate effects on the hooked part and the straight part of the fiber, the peak 

pullout load Pmax is split into two components (Ph and Pf), instead of using the general expression of 

Pmax in Chapter 2 (see Eq. 2-8). Ph is the anchorage part due to the hooked-end, and Pf is the friction 

part due to the frictional bond between the fiber and the matrix: 

Hooked-end fiber 

Potential cracking 

caused by the hook 

Concrete matrix 
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max  h fP P P                                                                                                                                       (3-2) 

According to the pulley model in (Alwan et al., 1999), the pullout load caused by the mechanical 

anchorage of the hooked-end can be modelled as a fiber passing through two curved ducts (Fig. 3-

13a). The anchorage load is given as (Alwan et al., 1999; Zile and Zile, 2013): 
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                                         (3-3) 

where df and σy are the diameter and yield strength of the hooked-end steel fiber, respectively; α and β 

are related to the hook geometry, as shown in Fig. 3-13a. α is the hook angle; β is the angle between 

the directions of the pullout force P and the reaction force R at the pulley center, i.e. β = (180° - α)/2.  

 

             
(a) Frictional pulley model (Zile and Zile, 2013)          (b) Fiber geometry 

Fig. 3-13 Hooked-end fiber pullout 

 

μf is the friction coefficient following:   

0
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f
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                                                                                                                                      (3-4) 

where the empirical parameters are given as μ0 = 0.08, τ0 = 21.28 MPa (Geng and Leung, 1997; Zile 

and Zile, 2013).  

τf is the frictional shear stress during the fiber slip stage, the value of which can be obtained from the 

straight fiber pullout tests or approximately estimated with the pullout load at Stage C-D since in this 

stage the fiber-matrix friction is the main factor affecting the pullout load. Depending on the state of 

the pullout load, i.e. PCD corresponds to a quasi-static or a dynamic load, τf can be seen as a quasi-

static frictional shear stress τf,s or a dynamic one τf,d. Correspondingly, μf can be a static or a dynamic 

friction coefficient. The expression of τf is given as:  

 C

    CD
f

f

P

d l S






                                                                                                                             (3-5) 

where PCD is the average pullout load at Stage C-D (see Fig. 3-4) and SC is the fiber slip when Stage 

C-D starts. l is the actual fiber embedded length obtained from the pullout load-slip curve. 

The friction part Pf is calculated by: 

   f f f AB BC CDP d L L L                                                                                                                (3-6) 
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where LBC and LCD are the lengths depending on the hook geometry (Fig. 3-13b); LAB is the length of 

the straight part of the fiber embeded in the matrix. 

Substituting Eqs. 3-3, 3-4 and 3-6 into Eq. 3-2 yields: 
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Under dynamic loadings, the dynamic frictional shear stress τf,d is rate dependent and the rate 

dependency varies with the embedded length, as discussed in Section 3.4.4. Following the expression 

of the concrete tensile strength DIF in Eq. 3-1, an empirical equation to account for the rate effect on 

τf at dynamic loading rates up to the intermediate level is given as: 

,

,

DIF=

t

f d d

f s s


 

 

 
  
 

                                                                                                                            (3-8) 

where s  and d  are the quasi-static reference rate and the dynamic loading strain rate, respectively. 

γt is an empirical parameter which has a similar expression as the parameter δt in Eq. 3-1. Applying 

nonlinear regression analysis of the experimental results in this study, γt is obtained as:  

  0.16

,    e / 5 0.6el

t c s                                                                                                                     (3-9) 

where the embedded length el  is in mm and the matrix strength σc,s is in MPa. 

Combining Eqs. 3-7 and 3-8 results in the predicting formula for the dynamic peak pullout load 

of the hooked-end steel fiber embedded in the UHPC matrix: 
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                       (3-10) 

 

3.5.2 Model validation 

To validate the above predictive model, experimental results from this study and (Abu-Lebdeh 

et al., 2010) are applied. The hooked-end steel fiber used in the two researches are the same, and the 

fiber geometry related parameters adopted in the predictive model are α = 45°, β = 67.5°, LBC = 2.12 

mm, LCD = 2 mm and d = 0.375 mm. The compressive strength of the concrete matrix in this study and 

(Abu-Lebdeh et al., 2010) are 156 MPa and 175 MPa, respectively. The quasi-static frictional shear 

stresses τf,s for the two studies are taken as 3.5 MPa and 4 MPa based on the quasi-static pullout load-

slip curves.  

Comparisons between the experimental and the predicted peak pullout loads are illustrated in 

Table 3-1 and Fig. 3-14, in which variations of the experimental data in this study are also denoted by 
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the error bars (note that variations of the results in (Abu-Lebdeh et al., 2010) are not clear due to the 

lack of data). Regarding such scattering, the predictions of the dynamic pullout load by the developed 

model always fall within the range of experimental results. These reasonably good agreements confirm 

the validity of the proposed predictive model, especially at higher loading rates.  

 

Table 3-1 Peak pullout loads from experiments and predictive model  

Embedded length  (mm) 
Loading rate 

(mm/min) 

Peak pullout load (N) Error 

(%) Experimental results Prediction results 

15 

5 244.1 229.2 -6.1 

50 250.3 255.1 1.9 

500 273.8 289.2 5.6 

1000 297.1 301.5 1.5 

10 

5 190.1 208.6 9.7 

50 209.0 216.8 3.7 

500 229.2 226.1 -1.4 

1000 234.9 229.2 -2.4 

12.7 

(Abu-Lebdeh et al., 2010) 

1.26 188.1 201.0 6.9 

1500 211.9 212.7 0.4 

6.35 

(Abu-Lebdeh et al., 2010) 

1.26 164.7 172.2 4.6 

1500 185.1 174.1 -5.9 

 

 
Fig. 3-14 Predictive model validation 

 

At the quasi-static loading rate, Eq. 3-10 yields identical results as the model developed in (Zile 

and Zile, 2013). Corresponding values in Table 3-1 show that the accuracy of the model is slightly 

lower under the quasi-static condition compared with those at higher loading rates. This may be due 

to the fact that some empirical parameters in the quasi-static model in (Zile and Zile, 2013), e.g. τ0 and 

μ0, are determined based on NC rather than on UHPFRC. More investigations are needed in order to 

improve the accuracy of the quasi-static model. Nevertheless, considering that the presented errors are 

acceptable, the same τ0 and μ0 are applied in this model as those in (Zile and Zile, 2013) and (Geng 

and Leung, 1997). In addition, it should be noted that the values of τ0 and μ0 are suggested by (Geng 

and Leung, 1997) using extensive experiments under quasi-static loadings; however, the value of τ0 

may be different under dynamic loadings. By assuming that its rate dependency could also be 

expressed in a similar format as Eq. 3-8, the presented model accounts for the rate sensitivity of τ0 

together with that of τf,d by the parameter γt. Furthermore, as indicated by Eq. 3-4, μ0 represents the 
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intercept value of the friction coefficient when τf  = 0, which is therefore expected to remain constant 

under both quasi-static and dynamic loadings, i.e. without rate sensitivity. The good agreements 

confirm the rationality of the above hypothesis. 

 

3.6 Conclusions 

This chapter investigates the rate-dependent pullout performances of the hooked-end steel fiber 

embedded in the UHPC matrix at loading rates from 5 mm/min to 1000 mm/min. The rate sensitivity 

of the dynamic fiber pullout responses and the related mechanisms are analyzed. An analytical model 

to predict the dynamic peak pullout load covering the loading rates from quasi-static to intermediate 

levels is proposed and validated. The following conclusions can be drawn: 

(1) The pullout performance of the hooked-end steel fiber embedded in the UHPC matrix is rate 

dependent, and the loading rate affects both the mechanical anchorage and the interfacial friction 

during the pullout process. 

(2) The pullout energy is more rate sensitive than the peak pullout load. With an embedded length 

of 15 mm, the DIFs for the pullout energy at 50 mm/min, 500 mm/min and 1000 mm/min are 1.17, 

1.28 and 1.46, whereas the corresponding values for the peak pullout load are 1.03, 1.12 and 1.22, 

respectively. 

(3) Fiber embedded length affects the rate dependency of the pullout performance. The peak 

pullout load is more rate sensitive with a smaller embedded length, i.e. le = 10 mm. In contrast, the 

rate dependency of the pullout energy is slightly higher for the le = 15 mm category, especially at a 

higher loading rate.  

(4) The Stefan effect and the inertia effect due to micro-cracking in the interface are two main 

mechanisms contributing to the rate effects on the dynamic pullout responses. The more porous and 

weaker fiber-matrix interface has a more prominent rate sensitivity than the UHPC matrix. And the 

influences of the fiber embedded length are associated with the matrix confinement which affects the 

interfacial cracking process. 

(5) A new analytical model to predict the dynamic peak pullout loads of hooked-end steel fiber at 

loading rates up to the intermediate level is developed and validated. Influences of the external loading 

rate, concrete compressive strength, fiber properties and embedded length are considered in the model.  
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Chapter 4 

Enhancing the static flexural performance of coarse-

aggregated UHPFRC by an optimized layered-

structure concept* 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*This chapter is partially reproduced from: Y.Y.Y. Cao1, P.P. Li1, H.J.H. Brouwers, M. Sluijsmans, 

Q.L. Yu, Enhancing flexural performance of ultra-high performance concrete by an optimized layered-

structure concept, Composites Part B 171 (2019) 154–165 (1 Equivalent first authors). 
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Abstract 
The study in this chapter aims to improve the flexural behavior of UHPFRC by applying the 

concept of layered-structure. Deterministic criteria for layer cracking and debonding are proposed, 

formulae to predict the critical load at the first failure stage are developed, and effects of the layer 

elastic modulus and layer thickness are assessed. Subsequently, double-layered UHPFRC beams are 

designed and evaluated applying three-point bending tests. The influences of the bottom layer 

thickness on the peak flexural load and the flexural energy are investigated, presenting that a layer 

thickness ratio of 0.6 gives the optimum load carrying ability and flexural energy. The subsequent 

section discusses the effects of the fiber amount distribution on the flexural performances, revealing 

that the designed double-layered UHPFRC beam is able to withstand higher flexural load and energy 

compared to its single-layered counterpart with the same total fiber amount. Moreover, it is exhibited 

that the peak flexural load is dependent on the fibers in the bottom layer while the flexural energy 

enhancement is related to the fibers in both layers. The layered UHPFRC beam composed of a 40 mm-

thick top layer with 0.6% fibers and a 60 mm-thick bottom layer with 1.6% fibers is an optimal choice 

leading to the superior peak flexural load and energy. 
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4.1 Introduction 

UHPFRC is a construction material with superior mechanical and material properties (Shi et al., 

2015; Wu et al., 2017a). To broaden its application, achieving lower material costs of UHPFRC is an 

important issue. Replacing fine particles with cheaper coarse aggregates could be one of the solutions. 

Typically, coarse aggregates are eliminated from conventional UHPFRC to enhance its homogeneity 

and thereafter its strength. Despite that, current studies confirm the potential of incorporating coarse 

aggregates in UHPFRC. Studies show that the strength loss of UHPFRC due to coarse aggregates can 

be limited by properly packing the granular constituents (Li et al., 2018; Wille et al., 2011). 

Furthermore, UHPFRC with an appropriate content of coarse aggregates possess advantages on 

respects such as binder material saving, shrinkage control and impact resistance improvement (Li et 

al., 2018; Peng et al., 2016a; Yoo and Banthia, 2016).  

Besides the binder, another dominant factor in UHPFRC production is the cost of steel fibers 

(Wu et al., 2017b), which stresses the necessity of using steel fibers more efficiently. The application 

of steel fibers contributes significantly to the enhancement of UHPFRC tensile properties (Meng and 

Khayat, 2017), and a strong dependency of the tensile strength on the fiber amount is exhibited (Wille 

et al., 2014). Nevertheless, previous studies suggest that steel fibers have a less significant effect on 

improving the compressive strength of UHPFRC compared with that on the tensile strength (Savino et 

al., 2018; Spasojević, 2008). As a consequence, it is uneconomical to distribute steel fibers in the 

whole volume of UHPFRC for applications where the structure is partially in tension and partially in 

compression, e.g. bending beams and specimens under impact (Burlion, 1997; Shen et al., 2008). We 

can take the bending beam as an example. When a beam works under service situations, half of it is in 

tension and the other half is in compression (Shen et al., 2008); the fibers in the tensile zones could 

effectively improve the flexural strength of the beam while those in the compressive zone have a 

relatively small contribution (Yang et al., 2003).  

To generate a more efficient fiber utilization, optimization is required to selectively distribute 

the fibers in UHPFRC where their advantages can be maximized. An innovative approach is designing 

layered UHPFRC with different fiber amounts at specific depths. Cyclic loading and impact studies 

on NC have confirmed the benefits of applying layered-structure to cementitious materials (Dias et al., 

2010; Mastali et al., 2015; Naghibdehi et al., 2015). From these evidences, it is reasonable to expect 

that a layered UHPFRC with fibers purposefully reinforced in the targeted region would have superior 

mechanical properties and improved fiber efficiency in comparison to the single-layered UHPFRC 

with the same amount of fibers distributed randomly in the whole structure.  

Load carrying ability and flexural energy absorption are two important factors for assessing the 

performance of cementitious materials, and three-point bending test is often conducted for the  

evaluations (Wu et al., 2018). Current researches on the flexural properties of concrete mainly 

concentrate on the single-layered one (Kim et al., 2011; Wu et al., 2016), while multi-layered 

cementitious composites are insufficiently studied. Among the limited researches, most of them 

addressed the combination of old and new concretes as layered repair systems (He et al., 2017; Kim 

et al., 2007; Luković et al., 2014). Only a few studies investigated the flexural performances of multi-

layered concrete with freshly cast layers. For instance, Liu et al. (Liu et al., 2018) assessed the flexural 

strength of double-layered concrete beams (σc,s < 30 MPa), and claimed their potential applications in 

real construction. Shen et al. (Shen et al., 2008) studied the flexural behavior of a four-layered concrete 
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beam with PVA fibers gradually distributed; their results showed that the layered beam has a 50% 

higher flexural strength compared to its single-layered counterpart. It noteworthy that the design of 

these layered cementitious composites is empirical, e.g. the thickness of the layer is randomly chosen 

and the influences of the layer thickness are not considered. On the other hand, Xu et al. (Xu et al., 

2012) and Hou et al. (Hou et al., 2015) presented theoretical and experimental investigations on steel-

bar reinforced concrete with an ultra-high flexural energy concrete (UHTCC) layer, in which the 

effects of the layer thickness were discussed. The studies exhibited that the interface cracking and 

ultimate bonding strengths of the specimen are related to the thickness of the UHTCC layer. Zhang et 

al. (Zhang et al., 2014, 2006) developed an theoretical model for analyzing the flexural behaviors of 

engineered cementitious composites (ECC) with two layers. Their study confirmed that the ECC layer 

thickness is an important design parameter, and that the beam flexural strength increased non-linearly 

with the ECC thickness. Nonetheless, in the above theoretical studies, the stress–crack relationship of 

concrete must be obtained in advance for the analysis. Moreover, the model calculations require 

complex processes and massive programming efforts, which thus hinders their engineering 

applications. That being the case, proposing theoretical models which are simple and ready to be 

applied to layered-structure design is of urgent importance. 

In this chapter, flexural performances of double-layered UHPFRC incorporating coarse 

aggregates are investigated theoretically and experimentally. In the theoretical section, critical 

cracking and debonding criteria of the layered beam at the first failure stage are proposed, formulae 

for predicting the critical load are developed, and influences of the layer thickness are analyzed. With 

the support of the theoretical analysis, double-layered UHPFRC beams are designed in the subsequent 

experimental section, in which the theoretical and experimental first cracking loads are also compared. 

Moreover, enhancements of the flexural performance due to the fiber amount distribution over the 

layered structure, the effects of the layer interface on the crack development, and the roles of steel 

fibers in individual layers are discussed in detail. Results from this study provide an important 

perspective for understanding the flexural behaviors of layered UHPFRC. Additionally, with the 

incorporation of coarse aggregates and the efficient utilization of steel fibers, the designed double-

layered UHPFRC can bring great economic benefits and promotes the future technological application 

of layered UHPFRC in engineering constructions.  

 

4.2 Theoretical analysis of the first failure stage 

In this section, a double-layered UHPFRC beam subjected to three-point bending test is 

considered, as shown in Fig. 4-1. The height and width of the beam are H and b, correspondingly. E1, 

h1 and A1 are the elastic modulus, layer thickness and cross-sectional area of the top layer; E2, h2 and 

A2 are those of the bottom layer, respectively. h0 is the height of the neutral axis. Fs is the shear force, 

which equals to half of the external load F according to the force equilibrium. M is the bending moment 

in the beam at point x: M (x) = Fx / 2, and it reaches the maximum value Mmax = FL / 4 at x = L / 2. 
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(a) Layered beam 

 
(b) Segment at point x                      (c) Cross-section 

Fig. 4-1 Double-layered UHPFRC beam under bending 

 

The failure process of the beam under bending can be generally divided into two stages: (1) a 

linear elastic stage until first cracking occurs and (2) a subsequent crack developing stage (Zhang et 

al., 2014). This section focuses on the stress distribution at the first failure stage, considering the fact 

that the first cracking load can be used as an indicator to evaluate the flexural capacity of UHPFRC 

(El-Din et al., 2016; Thomas and Sorensen, 2017), as well as the simplicity and practicality of the 

proposed formula to support the structure design. In addition, since stress-strain relationship of the 

material is not required in the analysis (only basic mechanical properties, e.g. tensile strength and 

elastic modulus, are necessary), formulae in this section can also be extended to general layered 

composite made of materials other than concrete. 

 

4.2.1 Cracking criteria in the layered UHPFRC beam 

 Plane section assumption is applied in the analysis, i.e. the cross section of the double-layered 

UHPFRC beam is considered to remain plane (Zhang et al., 2006). The equilibrium of the forces is 

expressed as: 

1 2
1 1 2 2 0

A A
dA dA                                                                                                                         (4-1) 

And it can be transformed to: 

1 2
1 1 2 2 0

A A
E ydA E ydA                                                                                                                   (4-2) 

where σ1 and σ2 are the normal stress in the top and bottom layers, correspondingly. Then the height 

of the neutral axis h0 could be obtained: 
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where βE = E1 / E2 is the layer elastic modulus ratio, and βh = h2 / H is the layer thickness ratio. For a 

single-layered beam, i.e. βE = 1, βh = 0 or 1, Eq. 4-3 reduces to h0 = H / 2. 

Substituting h2 = h0 to Eq. 4-3 yields the critical layer thickness ratio βh,c, in which case the entire 

bottom UHPFRC layer is exactly in tension and the entire top layer is exactly in compression: 

,
1

E

h c

E








                                                                                                                                   (4-4) 

When βh,c < βh ≤ 1 is satisfied, h2 is larger than h0, i.e. the neutral axis is in the bottom layer. In 

this situation, the layer interface is within the range of the compression zone. Otherwise, the neutral 

axis is in the top layer, and the interface is under tension. 

Based on the plane assumption of the beam section, the normal stress distributions in the two 

layers can be expressed as: 

Top layer: 
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I0 is the inertia moment of the layered beam, which is a function of βE and βh: 
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For a given external load, the normal stress distribution along the layered beam section is plotted 

in Fig. 4-2a, where βE = 0.8, βh = 0.5 are taken as an example. It can be seen from the figure that the 

normal stresses, i.e. compressive and tensile stresses, reach their maximum values at the top and 

bottom surfaces of the beam respectively, and a jump of the compressive stress is observed at the layer 

interface due to the change of the material properties of the two layers.  

 

                         
(a) Normal stresses                      (b) Shear stress 

Fig. 4-2 Stress distribution along the layered beam in linear elastic stage 

 

In general, crack initiates when the tensile stress in the UHPFRC beam exceeds its yield strength 

(Smarzewski, 2018; Soltani et al., 2013). If the layer interface is within the range of the compression 

zone (h2 >h0), cracking always starts first from the lower position of the bottom layer (Fig. 4-2a). 

Compression Shear 

Tension 
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However, if the interface is in the tension zone (h0 > h2), the initial crack may appear first in the top 

layer. Assuming that the two layers reach their tensile strengths σt,i (i = 1, 2) at the same time: 

 0 2
1 ,1ty h h

 
 

                                                                                                                                    (4-8) 
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The critical first cracking condition can be obtained: 
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Eq. 4-10 reveals that if the tensile strength of the top layer σt,1 is smaller than  the value of γc σt,2, 

then, in theory, the first crack would occur in the top layer near the interface at x = L / 2. In this case, 

the external load to evoke the first crack is: 
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Otherwise, the bottom layer cracks earlier and the corresponding critical load is:   
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In the specific case of a single-layered beam only composed of the UHPFRC 1 material (Fig. 4-

1), i.e. h2 = 0, h0 = H / 2, the critical load is expressed in Eq. 4-13, coinciding with the result obtained 

by substituting σ1 (y = H / 2) = σt,1 to Eq. 4-5: 
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                                                                                                                                (4-13) 

Similarly, when h2 = H, the beam is only composed of the UHPFRC 2 material. The critical load 

is Eq. 4-12 with h2 = H and h0 = H / 2, βE = 1, as given by: 
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It is identical to Eq. 4-6 with σ2 (y = H / 2) = σt,2 substituted. These agreements also confirm the 

correctness of the proposed equations. 

Furthermore, it is noteworthy that when the two layers have an equal elastic modulus (βE = 1), 

the neutral axis is always at h0 = H / 2, and the value of I0 as well as Fc,bottom remain constant, i.e. 

changing the layer thickness h2 has no influence under this circumstance. Fc,top can be re-written as Eq. 

4-15 when βE = 1 is substituted, the value of which increases with the increase of βh, viz. when the 
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crack initiates from the top layer (0 < βh < 0.5 and σt,1 < γc σt,2), the thicker the bottom layer the higher 

the first cracking load. 
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4.2.2 Debonding criteria in the layered UHPFRC beam 

The shear stress distributions in the two layers can also be obtained by the equilibrium of forces 

in x-axis direction (see Fig. 4-1): 
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Bottom layer:  
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The corresponding shear stresses in the two layers are given as: 

Top layer:  
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Bottom layer:  
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It is noted that the maximum shear stress along the beam depth is at the neutral axis y = 0 and 

the value is expressed as: 
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Differing with the normal stresses, the shear stress changes continuously along the beam depth 

(see Fig. 4-2b) and the peak is at the neutral axis, which is usually nearby the layer interface when the 

elastic moduli of the two layer are not very distinct, e.g. βE = 0.8 in Fig. 4-2b. This maximum shear 

stress can induce the possibility of layer debonding since the interface usually presents a weak part in 

the composite (Zanotti et al., 2014). More specifically, debonding due to shear occurs when the 

interfacial shear stress reaches the bond strength σb: 
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This leads to the critical debonding load provoked by shear: 
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On the other hand, when the layer interface is within the tension zone (0 < h2 < h0), the tensile 

stress at the interface can also procure layer debonding when 

 0 2
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Then the corresponding critical debonding load due to tension can be expressed as: 
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When the critical debonding load is smaller than the critical cracking load, layer debonding 

occurs prior to layer cracking, which will strongly affect the effectiveness of the layered composite 

beam. To avoid early layer debonding, the following critical condition for the bond strength should be 

satisfied: 

(1) If h2 ≥ h0, the condition is Fd,shear ≥ Fc,bottom: 
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(2) If h2 < h0, it turns to be Min (Fd,shear, Fd,tension) ≥ Fc,top, for σt,1 < γc σt,2: 
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or Min (Fd,shear, Fd,tension) ≥ Fc,bottom, for σt,1 ≥ γc σt,2: 
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4.2.3 Influences of βE and βh on stress distribution and critical load 

Based on the above analysis, the critical load at the first stage of the failure process Fcritical and 

the failure modes can be concluded as follows (also given in Table 4-1): 

(1) For h2 = 0 (βh = 0): Fcritical = Fc,top,0, the first failure stage ends with cracking of the beam (made 

of UHPFRC 1 material). 
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(2) For 0 < h2 < h0 (0 < βh < βh,c) and σt,1 < γc σt,2: Fcritical = Min (Fc,top, Fd,shear, Fd,tension), the first 

failure stage ends with top layer cracking or layer debonding. 

(3) For 0 < h2 < h0 (0 < βh < βh,c) and σt,1 ≥ γc σt,2: Fcritical = Min (Fc,bottom, Fd,shear, Fd,tension), the first 

failure stage ends with bottom layer cracking or layer debonding. 

(4) For h0 ≤ h2 < H (βh,c ≤ βh <1): Fcritical = Min (Fc,bottom, Fd,shear), the first failure stage ends with 

bottom layer cracking or layer debonding due to shear. 

(5) For h2 = H (βh = 1): Fcritical = Fc,bottom,0, the first failure stage ends with cracking of the beam 

(made of UHPFRC 2 material). 

 

Table 4-1 Critical load at first failure stage and the corresponding failure modes: Fcritical = critical load, βh = layer thickness 

ratio, βh,c = critical layer thickness ratio, σt,i (i = 1, 2) = layer tensile strength, γc = critical layer tensile strength ratio, Fc,top 

= critical cracking load of the top layer, Fc, bottom = critical cracking load of the bottom layer, Fd,shear = critical debonding 

load by shear, Fd,tension = critical debonding load by tension 

Conditions Fcritical First stage failure modes 

βh = 0 Fc,top,0 (Single-layered) beam cracking 

0 < βh < βh,c and σt,1 < γc σt,2 Min (Fc,top, Fd,shear, Fd,tension) Top layer cracking or layer debonding 

0 < βh < βh,c and σt,1 ≥ γc σt,2 Min (Fc,bottom, Fd,shear, Fd,tension) Bottom layer cracking or layer debonding 

βh,c ≤ βh <1 Min (Fc,bottom, Fd,shear) Bottom layer cracking or shear debonding 

βh = 1 Fc,bottom,0 (Single-layered) beam cracking 

 

The influences of βE and βh on h0 and Fcritical are plotted in Fig. 4-3, in which H = 0.1 m, L = 0.4 

m, σt,1 = σb  = 12 MPa and σt,2 = 16 MPa are taken as an example. Fig. 4-3a confirms that when the two 

layers have an identical elastic modulus, i.e. βE = 1, the neutral axial is always at the middle of the 

beam depth regardless of the layer thickness, as expected. Consequently, the top half of the beam is 

always under compression while the bottom half is always in tension. On the other hand, h0 changes 

with βh when the two layers have different elastic moduli. Moreover, if the top layer has a larger elastic 

modulus, e.g. βE = 1.2, then h0 is in the top half of the composite beam, indicating a larger tension 

region in the composite beam; otherwise, the compression region is more dominant (see Fig. 4-2a) and 

it extends with the decrease of βE. 

 
(a) Neutral axial height h0                       (b) Critical load at the first stage of the failure process Fcritical 

Fig. 4-3 Influences of the layer elastic modulus ratio βE and thickness ratio βh  

 

 The damage modes at the first failure stage are related to βh. For βh = 0.2 ~ 1.0, the critical 

debonding load is much higher than the critical cracking load, and the first failure stage always ends 

βE = 0.6 

βE = 0.8 

βE = 1.0 

βE = 1.2 

Fc,top= Fd,tension,  

top layer cracking and debonding 

Fc,top, top layer cracks 

Fd,tension, layer debonding 

βE = 0.6 

βE = 0.8 

βE = 1.0 

βE = 1.2 
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with bottom layer cracking. In contrast, cases with βh = 0.1 experience distinct damage modes (see 

Fig. 4-3b): (1) for βE = 0.6, debonding due to tension occurs prior to cracking (Fd,tension < Fc,top), hence 

the failure is dominated by layer debonding; (2) for βE = 0.8 and 1.2, the initial crack appears in the 

top layer rather than in the bottom one since βh < βh,c and σt,1 < γc σt,2; (3) for βE = 1.0, Fd,tension = Fc,top, 

i.e. debonding and cracking take place at the same time.  

Furthermore, the relationship of Fcritical and βh is also depicted in Fig. 4-3b. In the case of βE = 

1.0, Fcritical remains constant when βh varies from 0.2 to 1.0, which is in line with the analysis in Section 

4.2.1. In contrast, for βE = 0.6 and 0.8, Fcritical is improved when βh increases from 0.2 to 1. The 

improvement is limited when βh goes beyond 0.3, especially for βE = 0.8. In the case of βE = 1.2, a 

gradual decrease of the critical load is observed with the increase of βh in the range of 0.2 ~ 1.0, 

indicating a negative effect of enhancing the bottom layer thickness despite its higher tensile strength. 

 

4.3 Experimental program 

4.3.1 Materials and mix design 

The recipe of the coarse-aggregated UHPFRC is based on (Li and Yu, 2019), as presented in 

Table 4-2. The coarse basalt aggregates applied have two size groups namely 2-5 mm and 5-8 mm, 

the fraction of which are calculated applying the Brouwers mix design method (Brouwers and Radix, 

2005; Wang et al., 2014). Smooth straight steel fiber Dramix OL 13/.20 (length = 13 mm, diameter = 

0.2 mm, tensile strength = 2750 MPa) is utilized in the layered UHPFRC beams with different volume 

fractions in the individual layers. The amount of superplasticizer is adjusted according to the fiber 

amount until a flowability around 560 mm is achieved (measured with Abrams cone in accordance 

with (EN 12350-8, 2007)).  

Table 4-2 Recipes of the UHPC and the UHPFRC: CEM = Portland cement, mS = micro-silica, LP = limestone powder, 

S = sand, BA 2-5 = basalt aggregate with sizes of 2-5 mm, BA 5-8 = basalt aggregate with sizes of 5-8 mm, W = water, 

SP = superplasticizer, SF = steel fiber. 

Materials 
CEM 

(kg/m3) 

mS 

(kg/m3) 

LP 

(kg/m3) 

S 

(kg/m3) 

BA 2-5 

(kg/m3) 

BA 5-8 

(kg/m3) 

W 

(kg/m3) 

SP 

(kg/m3) 

SF 

(%) 

Quantity 588 39.2 156.8 839.9 413.2 232.3 157 

5 0 

7 0.6 

9 1.2 

14 1.6 

17 2.0 

 

4.3.2 Design of double-layered UHPFRC composite beams 

Since the first cracking load can be used as an indicator to represent the maximum flexural 

capacity (El-Din et al., 2016; Thomas and Sorensen, 2017), thicknesses of the double-layered 

UHPFRC beams in this study are designed according to the theoretical first cracking load in Section 

4.2. The relationship between the critical load Fcritical and the layer thickness ratio βh is referred. As 

suggested in Fig. 4-3b with βE = 0.8 and 1 (the layer elastic modulus ratios of the designed beams are 

within this range), the enhancement of Fcritical is prominent when βh increases from 0.1 to 0.3, whereas 

further thickening the bottom layer does not generate eminent improvement, i.e. βh = 0.3 is a threshold, 

below which the first cracking load still has a potential to increase. That being the case, the thickness 

of the bottom layer h2 should be larger than 0.3H, otherwise Fcritical does not achieve its maximum. 

Additionally, considering the crack propagation at the second stage of the failure process and to 
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investigate the effects of layer thickness on the composite flexural properties, three different layer 

thickness ratios are designed in the experimental section, namely βh = 0.4, 0.6 and 0.8.  

Detailed information about the designed double-layered UHPFRC is given in Table 4-3. The 

identification is defined as follows: U indicates the beam is a UHPFRC composite, the first number 

denotes the fiber volume fraction Vf in the top layer, and the following one in the brackets is the layer 

thickness in mm; the third and the fourth numbers are those for the bottom layer, correspondingly. For 

instance, U0.6(40)-1.6(60) is a double-layered UHPFRC beam of which the top layer has 0.6% fibers 

with a thickness of 40 mm, and the bottom layer contains 1.6% fibers and its thickness is 60 mm. Three 

single-layered UHPFRC beams (100 mm thick) with 0%, 1.2% and 2% fibers are included as reference 

groups, i.e. U0(100), U1.2(100) and U2(100), respectively.  

Table 4-3 Coarse-aggregated layered UHPFRC beam: For the identification, U indicates UHPFRC; the first two numbers 

denote the fiber volume fraction and thickness of the top layer; and the last two numbers are those for the bottom layer. 

Identification 
Layer thickness (mm) Fiber volume fraction (%) 

Note 
Top layer Bottom layer Top layer Bottom layer 

U0(60)-2(40) 60 40 0 2.0 

Double-layered beam 

U0(40)-2(60) 40 60 0 2.0 

U0(20)-2(80) 20 80 0 2.0 

U0.6(40)-1.6(60) 40 60 0.6 1.6 

U0(40)-1.2(60) 40 60 0 1.2 

U0.6(40)-1.2(60) 40 60 0.6 1.2 

U0(100) 100 

- 

0 

- Single-layered beam U1.2(100) 100 1.2 

U2(100) 100 2.0 

 

4.3.3 Mixing and casting procedures 

The following mixing procedure is adopted for the UHPFRC: dry mixing for 2 minutes with all 

powders and sand; adding 75% of the water and mixing for 2 minutes; sequentially adding the 

remaining water with the superplasticizer and mixing for 4 minutes, after which the steel fibers are 

added sequentially. After 3 minutes, the basalt aggregates are added to the mix and stirred for 3 

minutes. The mixing procedure is conducted at room temperature (20 ± 1 ℃). 

The dimensions of the beams are 100 × 100 × 500 mm3. With regard to the double-layered 

UHPFRC beams, the bottom layer of the UHPFRC beam is cast in the mould with the designed 

thickness, and the top layer mixture is poured into the mould carefully after 45 minutes. This casting 

time interval is determined based on a preliminary study, considering both the experimental operability 

and the relationship between the bond strength and the time interval. At the time of the top layer 

casting, the bottom layer is sufficiently strong to support the top layer matrix, i.e. deformation of the 

layer interface is avoided; while the initial setting of the bottom layer matrix has not been reached 

(Hou et al., 2015; Li et al., 2017), resulting in a strong interfacial bond. This casting method, on the 

one hand, induces a sufficient layer bond strength; on the other hand, the existence of the layer 

interface can act as a source of micro-cracking, which consumes more fracture energy during the 

cracking process (this will be further explained in Section 4.4.3). The 100 mm cubic specimens are 

used for the compressive, splitting tensile and bond tests. The same casting method is applied for the 

double-layered cubes (for the bond strength test). The cast specimens are covered with plastic sheets 

for 24 hours. Then they are demolded and cured in water for additional 27 days.  
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4.3.4 Testing methods  

The compressive strengths of the UHPFRC samples are measured using a DIGIMAXX C-20 

universal testing machine with a maximum load capacity of 4000 kN according to EN 12390-3 (EN 

12390–3, 2009). Splitting tensile tests based on EN 12390-6 (EN 12390-6, 2000) are conducted to 

obtain the tensile and interface bond strengths (Qian et al., 2014).  

To investigate the flexural performances of the double-layered UHPFRC beams, three-point 

bending tests are conducted at the age of 28 days (Zhang et al., 2014). The span length is 400 mm 

(Corinaldesi and Nardinocchi, 2016). The beams are not notched in this study because the notch would 

weaken the bottom layer and lead to difficulties in comparing the fibers effects on individual layers. 

Displacement control under a rate of 0.2 mm/min is used in the test (RILEM TC 162-TDF, 2002). The 

applied load is measured by the Instron 5985 testing machine and the mid-point deflections are 

measured with two linear variable differential transducers (LVDTs) (Kim et al., 2014; Xu et al., 2012). 

Three samples are tested for each group.  

 

4.4 Experimental results and discussion 

4.4.1 Mechanical and interfacial properties  

The 28-day compressive strength σc,s and splitting tensile strength σt,s of the individual UHPFRC 

layers with Vf  =  0%, 0.6%, 1.2%, 1.6% and 2% are given in Fig. 4-4. As expected, σt,s increases 

significantly with the increasing fiber amount. For instance, a 97% enhancement of σt,s is observed for 

the UHPFRC incorporating 2% fibers compared to that of the mixture without fibers. In contrast, the 

improvement of σc,s is limited, i.e. σc,s of the UHPFRC with different Vf  are within the range of 140 ~ 

153 MPa.  

 

 
Fig. 4-4 Compressive strength σc,s and splitting tensile strength σt,s of mixtures 

 

Fig. 4-5 plots the bond strengths σb of the tested groups. The maximum σb is obtained by the 

interface between the Vf = 0.6% and 1.6% layers (group U0.6-1.6), which is around 9.28 MPa. Fig. 4-

6 shows the layer interface in the cube after the bond splitting test, in which the combination of Vf = 

0% and 2% layers is taken as an example. Cohesive failure occurs in the bond splitting test, i.e. the 

specimen fails partially in the Vf = 0% layer and partially in the Vf = 2% layer. The failure surface is 

shown in Fig. 4-6. This failure pattern indicates the sufficient bond between the layers.  
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Fig. 4-5 Bond strength σb of the layer interface 

 

                
(a) After bond splitting test                        (b) Cohesive failure 

Fig. 4-6 Bond interface and failure surface 

 

After acquiring the basic properties, the flexural performances of the designed double-layered 

UHPFRC beams are investigated. During the three-point bending tests, no layer debonding is observed 

thanks to the sufficient interfacial bond strength. The tested beams are cut with a saw cutting machine 

after the bending tests to check the layer interface. Photos of half of the tested U0(40)-2(60) beam are 

given in Fig. 4-7 as an example. A straight layer interface is observed in the outer surface of the beam 

(Fig. 4-7a), and it can also be observed in the cut surface (Fig. 4-7b) where the bright dots in the bottom 

layer are the cross sections of the fibers. As presented in the figures, the layer interface is straight, 

confirming that the deformation of the bottom layer is very limited.  

 

       
(a) Beam outer surface                                     (b) Beam cross section 

Fig. 4-7 Bond interface of the tested U0(40)-2(60) beam 

 

Vf  = 0% layer 

Interface 

Vf  = 2% layer 

Vf  =  0% layer 

Interface 

Vf  =  2% layer 
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4.4.2 Effects of layer thickness  

Fig. 4-8 plots the flexural performances of the double-layered UHPFRC beams with different 

layer thicknesses, of which the bottom layers contain 2% steel fibers and the top layers are without 

fibers. The performances of the single-layered beams with 0% and 2% fibers are also illustrated in the 

figure, viz. U0(100) and U2(100). Distinct failure modes are observed for the beams with and without 

the fiber-reinforced layer, i.e. the plain single-layered beam experienced a catastrophic and brittle 

failure as opposed to the gradual failure of the composite beams reinforced with the 2% fiber layer. In 

addition, the first crack always initiates from the bottom layer of the UHPFRC beam, and no debonding 

is observed. These observations agree well with the theoretical analysis in Section 4.2.3: for βh = 0.4 

~ 0.8, the critical debonding loads are higher than the cracking loads, and the crack condition for the 

bottom layer is satisfied prior to that for the top layer.  

 

 
Fig. 4-8 Flexural load-deflection curve with various layer thicknesses 

 

The relationship between the first cracking load and the layer thickness are illustrated in Fig. 4-

9. It depicts that the first cracking load is insensitive to the change of βh in the given range, 

corresponding with the findings in Section 4.2.3 (see Fig. 4-3b with βE = 0.8 and 1). The calculated 

first cracking loads applying Eq. 4-12 are also compared with the experimental data. A reasonable 

agreement is achieved between the calculated and the averaged experimental results (with errors 

smaller than 7%, see Table 4-4), demonstrating the validity of the proposed formulae.  

 

 
Fig. 4-9 First cracking strength with various layer thicknesses 
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Table 4-4 Experimental and calculated first cracking strengths 

Layer thickness ratio 
Averaged first cracking load (kN) 

Error (%) 
Experiment Calculation 

0.4 25.67 27.02 5.3 

0.6 26.17 27.68 5.8 

0.8 26.63 27.77 4.3 

1 26.69 28.46 6.6 

 

To show the effects of the layer thickness more clearly, changes of the peak flexural load Fs,max 

and the flexural energy Es (defined by the area below the flexural load-deflection curve) with the layer 

thickness ratio βh are given in Fig. 4-10. With regard to Fs,max, three stages can be distinguished, i.e. 

the first stage (βh = 0 ~ 0.4) has a relatively slow rate of strength increase; the second stage (βh = 0.4 

~ 0.6) exhibits a faster increase; and the third stage (βh = 0.6 ~ 1.0) has a slower improvement again. 

A similar tendency is also observed in (Zhang et al., 2006), which investigated NC beams reinforced 

with engineered cementitious composites. Physically, Fs,max is associated with the aggregate governed 

bridging and fiber governed bridging mechanisms (Roesler et al., 2008; Zhang et al., 2006). The 

significant increase of Fs,max at the transition point from the first stage to the second stage indicates that 

the bridging mechanism changes from the aggregate governed to the fiber governed one (Zhang et al., 

2006). In other words, for a double-layered UHPFRC beam with βh < 0.4, the fiber-reinforced bottom 

layer is so thin that the crack-bridging effect provided by the fibers is insufficient, and thus the peak 

load mainly depends on the bridging of the aggregates. Conversely, with the increase of the bottom 

layer thickness the fiber reinforcements can then effectively restrain the crack propagation, leading to 

the jump of Fs,max.  

 

 
Fig. 4-10 Peak flexural strength Fs,max and flexural energy Es with various layer thickness ratio βh  

 

The flexural energy Es is also significantly improved due to the application of the bottom 

UHPFRC layer. With βh varying from 0.4 to 0.6 and 0.8, Es increases approximately 20, 31 and 32 

times than that of U0(100). Further, the improvement of Es is more prominent within the range of βh 

< 0.6, while increasing βh to 0.8 only provides limited enhancement. To further evaluate the 

contribution of fibers to the flexural performances, the concept of fiber efficiency efff,s is proposed, 

which is the ratio of the beam flexural energy to the mass of the fibers in the beam: 
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V HbL 
                                                                                                                         (4-28) 

where the fiber density ρf = 7850 kg/m3.  

The relationship between the fiber efficiency and layer thickness ratio is plotted in Fig. 4-11, in which 

the maximum efff,s is reached at βh = 0.6. Consequently, considering the tendency of the first cracking 

load, the improvements of the peak flexural load and the energy, as well as the fiber efficiency, βh = 

0.6 is selected for the double-layered UHPFRC beams and applied in the succeeding analysis.  

 

 
Fig. 4-11 Fiber efficiency efff,s with various layer thickness ratio βh  

 

4.4.3 Effects of fiber amount distribution in layered structures 

The flexural load-deflection curves of two double-layered UHPFRC beams and a reference 

single-layered beam are depicted in Fig. 4-12. The three categories, namely U1.2(100), U0(40)-2(60) 

and U0.6(40)-1.6(60), have the same total fiber amount (the equivalent fiber volume fraction Vf = 

1.2%). However, they exhibit distinct flexural capacities due to the different fiber amount distribution 

over the layered structure. Comparing with the single-layered UHPFRC beam, the double-layered ones 

achieve improved Fs,max. To specify, Fs,max of U0(40)-2(60) and U0.6(40)-1.6(60) are approximately  

30.12 kN and 32.79 kN, which are  around14% and 24% higher than that of  U1.2(100), respectively. 

This is because in the layered beams, the fibers are more concentrated at the beam bottom. Therefore, 

they efficiently bridge across the lower portion of the crack and delay the opening of the crack upper 

portion, attributing to the increased load carrying ability of the layered beam. 

The fiber amount distribution also affects Es. Due to the lack of steel fibers in the top layer, the 

post-peak stage of U0(40)-2(60) shows a steeper drop than that of the single-layered beam, which 

leads to an approximate 10% energy reduction than that of U1.2(100). In contrast, incorporating a 

small amount of fibers in the top layer generates a superior energy absorption capacity, i.e. the Es of 

U0.6(40)-1.6(60) is about 14% higher than that of U1.2(100). On that account, for the purpose of 

flexural energy enhancement, a small amount of steel fibers is required in the top layer of the UHPFRC 

composite beam.  
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Fig. 4-12 Flexural load-deflection curve with various fiber distribution 

 

The crack propagation is also influenced by the fiber amount distribution. For the single-layered 

beam U1.2(100), a single crack is observed during the flexural process, initiating from the middle of 

the beam bottom and gradually propagating to the beam top surface (Fig. 4-13). A different cracking 

process is observed for the double-layered beam U0.6(40)-1.6(60). As illustrated in Fig. 4-14, the 

crack first appears at the bottom of U0.6(40)-1.6(60) at around t = 12 min after the start of the loading. 

With the increase of the bending load, the crack opens more widely. At t = 13.5 min, a newly-

developed small crack appears in the top layer near the layer interface owing to the stress concentration 

caused by the varying properties of the layers (Thai et al., 2014). The small crack propagates further 

downwards into the bottom layer as the external load increases, which interrupts the potential layer 

debonding (Noshiravani and Brühwiler, 2014). At t = 16.5 min, the small crack from the interface is 

connected with the previous crack at the beam bottom, creating a macro-crack. Then this macro-crack 

further develops upwards, during which fibers at the bottom surface of the beam are gradually pulled 

out from the matrix. At about t = 35 min, fibers near the interface are also pulled out and the failure 

of the beam is accelerated afterwards.  

 

                     
(a) t = 5 min                         (b) t =  10 min                        (c) t =  15 min                      (d) t =  30 min 

Fig. 4-13 Crack development in U1.2(100) 
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(a) t = 5 min                         (b) t =  10 min                        (c) t =  12 min                      (d) t =  13.5 min 

 

                 
(e) t = 15 min                         (f) t =  16.5 min                        (g) t =  25 min                      (h) t =  35 min 

Fig. 4-14 Crack development in U0.6(40)-1.6(60) 

 

Comparing Figs. 4-13 and 4-14 reveals that the double-layered UHPFRC beam cracks more 

slowly than its single-layered counterpart due to the more concentrated fibers at the beam bottom, 

redistributing the tensile stress and prohibiting the crack initiation. It also takes longer for the double-

layered beam to reach the final failure status, i.e. being completely separated into two parts. This is 

attributed to the combined effects provided by the fibers in both the top and the bottom layers. 

Additionally, the layer interface also serves as a cracking initiator due to the stress concertation and 

the lack of fiber connection in the interfacial zone. Micro-cracks are observed near the interface. They 

connect with the macro-crack and further generate fine crack branches. These multiple micro-cracks 

and fine crack branches in the layered beam consume more energy during the flexural process and thus 

improve the flexural energy of the double-layered UHPFRC.  

 

4.4.4 Effects of fiber amount in individual layers 

The effects of the fiber amount in the individual layers of the UHPFRC composite beam are 

evaluated in this section. Fig. 4-15 compares the flexural responses of U0(40)-1.2(60), U0.6(40)-

1.2(60) and U1.2(100). The presented beams have the same fiber amount in the bottom layer (Vf = 

1.2%), while the Vf in the top layer are 0%, 0.6% and 1.2%, respectively. It is obvious that the 

compared beams have similar Fs,max although the Vf in their top layers differs, indicating that Fs,max is 

more related to the fibers in the bottom layer. Nevertheless, improvements of Es are observed with an 

increasing Vf in the top layer, which is associated with the pullout process of fibers in both the top and 

the bottom layers. The energy enhancement is nonlinear, which is more obvious when the Vf of the top 

layer increases from 0.6% to 1.2% than from 0% to 0.6%. 

 

Fiber 

pullout 

Small crack Interface 
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(a) Flexural load-deflection curve                                 (b) Peak flexural load Fs,max and flexural energy Es  

Fig. 4-15 Effects of fibers in the top layer 

 

On the other hand, changing the Vf in the bottom layer generates more prominent effects (see 

Fig. 4-16). Comparing U0(40)-1.2(60) with U0(40)-2(60) reveals that when the top layer is plain 

UHPC, increasing the Vf of the bottom layer from 1.2% to 2% leads to 13% and 16% increases of 

Fs,max and Es, respectively. These improvements become more significant when 0.6% steel fibers are 

incorporated in the top layer, i.e. U0.6(40)-1.2(60) and U0.6(40)-1.6(60). Namely, 19% and 38% 

enhancements of Fs,max and Es are achieved for these beams when the Vf  of the bottom layer  increases 

from 1.2% to 1.6%.  

The above analysis exhibits the different effects of steel fibers in the individual layers: (1) The 

enhancement of Fs,max is more related to the fibers in the bottom layer, as they increase the stiffness of 

the beam. (2) Fibers in both layers contribute to the beam Es by connecting the crack surfaces, 

decelerating the crack development and extending the time for the beam to reach its final failure. 

Furthermore, considering that the crack width in the upper section of the beam is much narrower than 

that in the beam bottom, incorporating a small amount of steel fibers in the top layer is sufficient to 

generate pronounced effects.  

 

 
(a) Flexural load-deflection curve                                 (b) Peak flexural load Fs,max and flexural energy Es  

Fig. 4-16 Effects of fibers in the bottom layer 
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4.5 Conclusions 

This chapter presents theoretical and experimental investigations on the flexural properties of 

the double-layered UHPFRC with coarse aggregates incorporated and fibers efficiently distributed. 

The cracking and debonding criteria of the double-layered beam are developed, and the critical load 

at the first stage of the failure process Fcritical is obtained. Based on the theoretical analysis, the double-

layered beams are designed for the experimental section. Three-point bending tests are conducted to 

study the flexural performance of the double-layered UHPFRC. The effects of the layer thickness, 

fiber amount distribution over the layered structure, as well as the fiber amount of the individual layers 

are discussed, shedding light on the enhancement mechanisms of the layered structure. The following 

conclusions can be drawn: 

(1) The theoretical analysis reveals that when the top and bottom layers have comparable elastic 

moduli, e.g. layer elastic modulus ratio βE = 0.8 ~ 1, increasing the layer thickness ratio βh from 0.1 to 

0.3 leads to a prominent increase of Fcritical, whereas further thickening the bottom layer does not 

generate eminent improvement. 

(2) As confirmed by both the theoretical analysis and the experiment results, the first failure stage 

of the double-layered beam tends to end with bottom layer cracking rather than layer debonding in 

most cases (layer thickness ratio βh = 0.2 ~ 1.0 with sufficient bond strength, e.g. σb = σt,1).  

(3) The peak flexural load Fs,max and the flexural energy Es are remarkably improved with the 

increase of the bottom layer thickness until βh = 0.6 is reached. A jump of Fs,max is observed at βh = 

0.4, which is associated with the transition from aggregate governed bridging to fiber governed 

bridging.  

(4) Fiber amount distribution over the layered structure affects Fs,max and Es, as well as the cracking 

process in the double-layered UHPFRC. Compared to the single-layered beam with an identical total 

fiber amount, the designed double-layered beam U0.6(40)-1.6(60) achieves a 24% higher Fs,max and a 

14% higher Es. This also indicates the potential of utilizing layered beams containing less fiber to 

obtain superior flexural performances. 

(5) Fibers in the bottom layer contribute to the improvement of Fs,max while the increase of Es is 

affected by the fiber amount in both layers. Distributing a small amount of fibers in the top layer and 

a large amount of fibers in the bottom layer can result in the optimum flexural performance with both 

improved peak flexural load and energy. 
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Chapter 5 

Enhancing the low-velocity impact resistance of coarse-

aggregated UHPFRC by an optimized layered-

structure concept* 
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Enhancing the low-velocity impact resistance of Ultra-High Performance Concrete by an optimized 

layered-structure concept (Submitted). 
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Abstract 
Low-velocity impacts are common in the civil engineering field, and UHPFRC is a promising 

material to resist these impacts. This chapter investigates the dynamic resistance of coarse-aggregated 

layered UHPFRC under repeated low-velocity drop-weight impacts. The results show that the double-

layered UHPFRC beam achieves a superior resistant capacity compared to its single-layered 

counterpart, e.g. an approximate 28% enhancement of the absorbed impact energy is obtained by the 

double-layered beam U0.6h-1.6h than that of the corresponding single-layered UHPFRC with an 

identical total fiber amount. Further, a new model to estimate the absorbed energy of the layered 

UHPFRC under multiple drop-weight impacts is developed and validated. By separating the 

contributions of the matrix and the fiber, the model confirms the important effects of the steel fibers 

on the beam absorbed impact energy, an improved fiber utilization efficiency of the double-layered 

beam is obtained using the model estimation. This study contributes to improving the dynamic 

performance of UHPFRC under low-velocity impacts, and promotes the potential utilization of layered 

UHPFRC composite in civil engineering. 
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5.1 Introduction 

The resistance against low-velocity impact is of great significance for cementitious composites. 

Low-velocity (up to 10 m/s) impacts are common in the civil engineering field (Othman and Marzouk, 

2016), typical examples of which include highway fences against vehicle collisions, bridge piers 

subjected to accidental ship impacts, and concrete constructions under falling rock impacts (Hrynyk 

and Vecchio, 2014). UHPFRC is a promising material with effective resistance against these impacts 

(Li and Yu, 2019; Yu, 2015). The dynamic performance of UHPFRC under low-velocity impacts 

should be clearly understood prior to the design and application of impact-resistant UHPFRC 

structures. Drop-weight experiment is widely performed to analyze the impact response of concrete. 

For example, Othman and Marzouk (Othman and Marzouk, 2018, 2017) experimentally and 

numerically investigated the behavior of straight-fiber-reinforced UHPFRC under repeated drop-

weight impacts, and found that the damage level of UHPFRC is only 6 ~ 15% that of NC. Mao and 

Barnett (Mao and Barnett, 2017) evaluated the dynamic toughness of UHPFRC containing various 

amounts of straight steel fibers under drop-weight impacts; an increased resistance of the UHPFRC 

was observed with the increase of the fiber amount. Yoo et al. (Yoo et al., 2018, 2017a, 2015a) 

conducted a series of drop-weight tests on UHPFRC with straight or twisted fibers. Their studies 

presented that the long straight fibers provide a better resistance compared to the twisted steel fibers, 

and a higher reinforcement ratio leads to a lower deflection under the drop-weight impact. As can be 

noticed in the above studies, the drop-weight response of UHPFRC with hooked-end fibers is rarely 

studied, i.e. most investigated UHPFRC is reinforced with straight fibers. Therefore, there is a clear 

necessity to understand the dynamic responses of UHPFRC reinforced with not only straight fibers 

but also hooked-end fibers. 

When a UHPFRC beam is under drop-weight impacts, the impact region is under compression 

while the distant region is in tension. This can be attributed to the wave phenomenon inside the beam: 

the compressive waves generated by the drop weight propagate from the top surface towards the 

bottom of the beam, then they are reflected to be tensile waves and invoke beam cracking. This stress 

distribution can also be confirmed by the damage pattern presented in previous studies (Guo et al., 

2018; Willey, 2013). An example of the damage distribution in an UHPFRC sample under drop-weight 

impacts is illustrated in Fig. 5-1 (Guo et al., 2018), in which severe cracking on the bottom face is 

observed while the top face has limited damage (Guo et al., 2018; Willey, 2013). Furthermore, as 

mentioned in Chapter 4, steel fibers have a more prominent contribution to the tensile properties of 

UHPFRC (Meng and Khayat, 2017) than to the compressive ones (Abbas et al., 2015). Therefore, 

considering both the damage distribution and the fibers contributions, the steel fibers in the impact 

region of the UHPFRC beam, viz. the compression region, are not utilized as efficiently as those 

distributed in the distant region, viz. the tension region.  

 

 

 
 

Fig. 5-1 Damage pattern of UHPFRC under impact loading  (Guo et al., 2018) 

 

Small damage area due to compression 

 

 

 

Large damage area due to tension 
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The advantages of the layered UHPFRC under static loadings have been presented in Chapter 4, 

revealing that the deigned double-layered UHPFRC can achieve a 24% higher peak flexural load and 

a 14% higher flexural energy compared to the single-layered UHPFRC with an identical fiber amount. 

However, since the behavior of cementitious material is rate dependent and the dynamic increase factor 

is affected by the fiber amount (Cao and Yu, 2017; Tran and Kim, 2014), it is still questionable whether 

the advantageous static properties of the layered UHPFRC can be maintained at higher strain rates, 

e.g. under the low-velocity impacts. To the best of authors’ knowledge, there is no published work 

presenting the impact performances of UHPFRC with a layered structure, and the influences of fiber 

geometry and fiber hybridization on the resistance of layered UHPFRC under drop-weight impacts 

have not been systematically addressed. 

As a continuation of the static flexural investigation of the layered UHPFRC in Chapter 4, the 

study in this chapter investigates the impact resistance of the double-layered UHPFRC under low-

velocity drop-weight impacts. Two types of steel fibers are utilized, namely the straight steel fiber and 

the hooked-end fiber. Drop-weight impacts are performed to investigate the dynamic responses, 

including the impact number, the reaction force, and the absorbed impact energy. Moreover, an 

analytical model for predicting the absorbed impact energy of the layered beam under repeated impacts 

is proposed. By separating the contributions of the matrix and the fiber, the model reveals the 

significant effects of the steel fiber on improving the absorbed impact energy, and the higher fiber 

efficiency of the layered beam is also confirmed. The results in this chapter contribute to a deeper 

understanding of the dynamic performance of UHPFRC against low-velocity impacts. 

 

5.2 Experimental program 

5.2.1 Materials and mix design 

Table 5-1 gives the recipe of the UHPFRC matrix, which is based on that in Chapter 4 (Section 

4.3.1). Two types of steel fibers are used in the present study: the Dramix OL 13/.20 straight steel fiber 

(SF) and the Dramix RC 80/30-BP hooked-end fiber (HF). The properties of the fibers can be found 

in Chapters 2 and 4. 

 

Table 5-1 Recipes of the UHPC and the UHPFRC: CEM = Portland cement, LP = limestone powder, mS = micro-silica, 

S = sand, BA 2-5 = basalt aggregate with sizes of 2-5 mm, BA 5-8 = basalt aggregate with sizes of 5-8 mm, W = water, 

SP = superplasticizer, SF = straight steel fiber, HF = hooked-end steel fiber. 

Materials 
CEM 

(kg/m3) 

mS  

(kg/m3) 

LP 

(kg/m3) 

S 

(kg/m3) 

BA 2-5 

(kg/m3) 

BA 5-8 

(kg/m3) 

W 

(kg/m3) 

SP 

(kg/m3) 

SF HF 

(%) (%) 

Quantity 588 39.2  156.8 839.9 413.2 232.3 157 

7 

0.6 - 

0.3 0.3 

- 0.6 

9 

1.2 - 

0.6 0.6 

0.24 0.96 

- 1.2 

14 

1.6 - 

0.8 0.8 

- 1.6 
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5.2.2 UHPFRC composite beam 

The tested UHPFRC beams are listed in Table 5-2, including both the single- and double-layered 

beams. The dimensions of the beams are 100 × 100 × 500 mm3. For the double-layered UHPFRC, the 

thicknesses of the top and the bottom layers are 40 mm and 60 mm, respectively, which are determined 

based on the optimum design of the double-layered UHPFRC beam in Chapter 4. The identifications 

in Table 5-2 are composed of 1 or 2 phrases divided by a dash, which represents the single- or double- 

layered UHPFRC, respectively. The letters s and h present SF and HF, respectively, and the numbers 

before them are the corresponding fiber volume fractions in that layer. For example, U0.3s0.3h-

0.8s0.8h is a double-layered UHPFRC beam with 0.3% SF and 0.3% HF in the top layer, and 0.8% SF 

and 0.8% HF in the bottom layer.  

 

Table 5-2 Single- and double-layered UHPFRC: in the identification a dash is used to divide the layers; the numbers before 

s and h are the volume fractions of SF and HF, respectively. 

Identification 

Layer thickness (mm) Fiber volume fraction (%) Equivalent fiber 

fraction (%) Note 
Top layer Bottom layer 

Top layer Bottom layer 

SF HF SF HF SF HF 

U1.2s 

100 - 

1.2 0 

- 

1.2 0 
Single-

layered 

beam 

U0.6s0.6h 0.6 0.6 0.6 0.6 

U0.24s0.96h 0.24 0.96 0.24 0.96 

U1.2h 0 1.2 0 1.2 

U0.6s-1.6s 

40 60 

0.6 0 1.6 0 1.2 0 
Double-

layered 

beam 

U0.3s0.3h-0.8s0.8h 0.3 0.3 0.8 0.8 0.6 0.6 

U0.6s-1.6h 0.6 0 0 1.6 0.24 0.96 

U0.6h-1.6h 0 0.6 0 1.6 0 1.2 

 

5.2.3 Mixing, casting and testing methods 

The concrete mixing, casting and curing methods are identical to those presented in Chapter 4 

(Section 4.3.3). Tests are conducted at the age of 28 days. The compression, tension and splitting bond 

tests are performed with the same methods described in Chapter 4 (Section 4.3.4). 

To investigate the resistance of the coarse-aggregated UHPFRC, repeated drop-weight impacts 

are performed with a specially designed device illustrated in Fig. 5-2. A metal ball of 7.26 kg is used 

as the drop weight, and it falls from a constant height of 2.5 m into a steel bucket connected with a 

steel roller on top of the beam. The drop height is such designed that the number of impacts would be 

less than 10. Hence, the beam failure would be due to the dynamic impacts, instead of material fatigue 

under repeated loads. Electromagnet is used to release the metal ball. Both the left and right sides of 

the tested beam are clamped between two steel rollers connected with springs, which prevents the 

uplift of the beam during rebounding after the initial impact. Free steel rollers allowing rotation are 

used under the beam, which minimizes the horizontal restraint (Hrynyk and Vecchio, 2014; Othman 

and Marzouk, 2018; Soleimani and Banthia, 2014). The span length between these two underneath 

support rollers is 400 mm, being the same as that in the previous static flexural test in Chapter 4. 

Multiple drops are required to break the UHPFRC beam to its complete fracture. After each impact, 

the damage on the front surface of the beam is captured using a fixed photographic setup to record the 

crack development. Three beams are tested for each group.  
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Fig. 5-2 Setup of the drop-weight test 

 

Due to the inertial effect, the impact load generated by the drop weight is not the true dynamic 

flexural load acting on the beam, i.e. a large portion of the impact load is utilized to accelerate the 

beam from its position of rest to the direction opposite the acceleration (Yoo et al., 2016; Yoo and 

Banthia, 2017a). In order to obtain the pure dynamic flexural load excluding the inertial portion, two 

load cells are instrumented under the support steel rollers and the summation of these two reaction 

loads is considered as the true dynamic flexural load  (Habel and Gauvreau, 2008; Soleimani and 

Banthia, 2014; Yoo et al., 2016). An AP 37 accelerometer, with a resonant frequency larger than 45 

kHz and a maximum shock limit of 15000g (where g is the gravitational acceleration), is attached to 

the beam bottom surface at a point close to the center of the beam using a very high-strength epoxy 

(Yoo et al., 2016; Yoo and Banthia, 2017a). The measured acceleration is then double integrated to 

determine the mid-point deflection of the beam (M. Wu et al., 2015; Yoo and Banthia, 2017a). The 

load and acceleration data are recorded with a frequency of 100 kHz through a dynamic data 

measurement software NI LabVIEW.  

 

5.3 Static mechanical properties  

The 28-day compressive strength σc,s and splitting tensile strength σt,s of the individual UHPFRC 

layers are given in Table 5-3. In general, σt,s increases with the increasing fiber amount whereas σc,s  is 

not significantly affected. Take the SF-reinforced UHPFRC as an example, the σt,s of U1.2s and U1.6s 

are about 29% and 38% higher than that of U0.6s, while the σc,s of these three groups are within a 

narrow range of 145.3 ~ 146.7 MPa. Moreover, UHPFRC with hybrid fibers tends to have a higher σt,s 

in comparison to its single-fiber-reinforced counterpart containing the same amount of fibers. For 

instance, the σt,s of the hybrid-fiber-reinforced group U0.3s0.3h is about 15% and 20% higher than that 

of groups U0.6s and U0.6h, respectively. 
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Table 5-3 28-day compressive and tensile strengths of the UHPFRC mixtures in individual layers 

Identification 
Compressive strength σc,s (MPa) Tensile strength σt,s (MPa) 

Avg. St. dev. Avg. St. dev. 

U0.6s 146.7 1.5 11.7 0.8 

U0.3s0.3h 147.6 2.6 13.5 1.6 

U0.6h 147.8 3.3 11.2 1.5 

U1.2s 145.3 4.0 15.1 1.0 

U0.6s0.6h 149.6 1.8 16.2 2.0 

U0.24s0.96h 153.6 2.2 17.7 1.6 

U1.2h 147.7 1.2 15.7 2.3 

U1.6s 145.8 5.0 16.2 1.3 

U0.8s0.8h 142.0 4.1 16.5 1.2 

U1.6h 141.2 3.8 16.3 2.0 

 

Similar to results in Chapter 4 (Section 4.4.1), cohesive failure occurred during the bond splitting 

tests, indicating a sufficient bond between the layers. The minimum bond strength is obtained by the 

interface of U0.3s0.3h-0.8s0.8h. The value is about 6.4 MPa, which is on the same order as the tensile 

strength of the plain UHPC matrix. The strong bond is also confirmed by the fact that no layer 

debonding occurred during the drop-weight tests (see the final failure pattern of a double-layered 

UHPFRC in Fig. 5-3).  

 

 
Fig. 5-3 Failure pattern of a layered beam after the drop-weight test 

 

5.4 Drop-weight impact performances  

5.4.1 Reaction force and deflection 

Multiple drops are required to completely break the UHPFRC beams. Fig. 5-4 illustrates the 

typical reaction force-time history and mid-span deflection-time history of a tested UHPFRC beam 

U1.2h at its first impact. R1 and R2 are the reaction loads measured by the two load cells under the 

beam and their summation R is taken as the reaction force (Soleimani and Banthia, 2014; Yoo et al., 

2016). δ is the deflection of the beam at its mid-span by integrating the measured acceleration twice 

with respect to time (Yoo et al., 2016). Similar deflection curves have been found in previous studies 

about the drop-weight tests on single-layered concrete (M. Wu et al., 2015; Yoo et al., 2015b). 

Generally, the reaction force-time curve can be divided into three stages (Ranade et al., 2017; Yoo and 

Banthia, 2017a):  

(1) At the initial impulse stage S1, the drop weight contacts with the bottom of the steel bucket and 

invokes the impact force on the tested beam, which is reflected by R. The contact time is so short that 

the peak of the reaction force is immediately reached and then it decreases sharply. This contacting 

time increases with the impact number as the beam top surface becomes rougher after impact.  

Layer interface 

No debonding occurred 
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 (2) A beam deformation stage S2 is followed after the initial impulse stage, during which the beam is 

sufficiently deformed and plastic deformation appears (Ranade et al., 2017). The micro-cracks 

initiating at stage S1 become wider while the steel fibers in the UHPFRC tend to arrest them. The 

reaction force at this stage is relatively low compared to the initial impulse as the beam and the drop-

weight system (the metal ball, steel bucket and the top steel roller) oscillate together.  

(3) The rebound stage is defined as S3. The rebound of the metal ball causes obvious oscillations of 

the reaction force, as shown in Fig. 5-4. These rebounds are dependent on strength and initial stiffness 

of the tested material, and they can be attributed to the released energy that is stored elastically in the 

beam (Dey et al., 2014). These rebound actions consume the kinetic energy of the impact ball, and 

rebounds stop until the energy is fully depleted.  

 

 
Fig. 5-4 Reaction force-time (R-t) and deflection-time (δ-t) histories of U1.2h at the first impact  

 

5.4.2 Performance of single-layered UHPFRC 

The impact performances of the single-layered UHPFRC beams are analyzed in this section, and 

the influences of fiber geometry and hybridization are discussed. The solid lines in Fig. 5-5 present 

the peak reaction forces Rpeak of the single-layered UHPFRC under each impact. As can be seen from 

the figure, the hybrid-fiber-reinforced UHPFRC beams tend to have higher peak reaction forces at the 

first impact Rpeak,1 compared to their single-fiber-reinforced counterparts. For instance, Rpeak,1 are 

approximately 81.1 kN and 79.7 kN for U0.6s0.6h and U0.24s0.96h, whereas they are 63.1 kN and 

78.2 kN for U1.2s and U1.2h, respectively. This tendency is in accordance with the slightly higher 

compressive strength of the hybrid-fiber-reinforced samples (see Table 5-3), indicating that Rpeak,1 may 

be dependent on the strength of the material. On the contrary, the peak reaction force at the last impact 

Rpeak,n is higher for the UHPFRC with a higher amount of HF. For example, Rpeak,n of U1.2s, U0.6s0.6h, 

U0.24s0.96h and U1.2h are approximately 11.4 kN, 21.0 kN, 22.7 kN and 24.5 kN, respectively.  

 

S1         S2                                     S3 
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Fig. 5-5 Change of the peak reaction force Rpeak with the impact number N 

 

Fig. 5-6 plots the impact number N leading to the complete fracture of the tested beams and the 

corresponding absorbed impact energy Ea. The plotted values are the averaged results of the three 

tested beams in each group, together with the error bars indicating the minimum and maximum values. 

The averaged N is determined by the averaged data rounded off to the nearest whole number. For 

example, the impact numbers of the three beams in U1.2h are 8, 8 and 10, resulting in an averaged 

data of (8+8+10) / 3 = 8.67, thus N is taken as 9 for this group. It is worth mentioning that the variations 

of N in most groups are very small, and the impact numbers are even the same for the three tested 

beams in some groups, e.g. U1.2s, U0.6s0.6h, and U0.24s0.96h (they hence have no error bars for N 

in Fig. 5-6).  

 
Fig. 5-6 Absorbed impact energy Ea and impact number N of single-layered UHPFRC 

 

For each single impact, the impact energy Ei provided by the drop ball is partially absorbed by 

the beam Ea0, partially dissipated by the friction Ef during the impact event, and partially transferred 

to the test setup Et, which remains in the form of elastic strains and vibrations (Dey et al., 2014; Yoo 

and Banthia, 2017a): 

0i a f tE mgh E E E                                                                                                                       (5-1) 

The beam absorbed energy at each impact Ea0 can be determined by the reaction load R and the beam 

deflection δ (Banthia et al., 1989): 
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   0a t t
E R dt                                                                                                                                   (5-2) 

And the total absorbed impact energy after multiple impacts Ea can be calculated by the sum up of Ea0 

under each impact (Yu, 2015): 

-1

0

1

N

a aE E                                                                                                                                         (5-3) 

where Ei is the input impact energy,  Ef  is the friction energy, and Et is the energy transferred to the 

test setup. Ea0 and Ea are the absorbed impact energy of the beam after an individual impact and 

multiple impacts, respectively. R(t) and δ (t) are the reaction force and the beam deflection at time t. It 

should be noted that for all the tested beams, Ea0 of their last impacts are not considered because the 

beams break at the last impacts and their vertical movements are too large to be measured. 

As shown in Fig. 5-6, with the increase of the HF amount, both N and Ea increase. To specify, 

U1.2s can withstand the least impacts (4 impacts) while U1.2h achieves the largest N of 9 impacts. 

Further, Ea of U1.2h is more than 2.6 times higher than that of U1.2s. Additionally, U0.24s0.96h and 

U0.6s0.6h can withstand 2 and 3 less impacts in comparison to U1.2h, regardless of the slightly higher 

compressive and tensile strengths of these hybrid-fiber-reinforced UHPFRC (see Table 5-3). The Ea 

of U0.24s0.96h and U0.6s0.6h are approximately 27% and 32% smaller than that of U1.2h, 

respectively. This finding depicts that the material strength is not the dominant factor determining the 

impact resistance of UHPFRC. Instead, the fiber pullout response, which is associated with fiber 

geometry, contributes more. As shown in Fig. 5-7, fibers are observed to be pulled out from the 

UHPFRC matrix under the impact, leading to the significant effects of the fiber pullout performance 

on the impact resistance of UHPFRC. This is also confirmed by the predictive model in Section 5.5. 

Compared to the short SF, the HF has a longer length and its hooks can generate a mechanical 

anchorage during the straightening process under the impacts (see Fig. 5-7b). As a result of both the 

higher frictional bond force and the additional mechanical anchorage, more energy is required to pull 

the HF out of the UHPC matrix, which therefore leads to a higher Ea of the HF-reinforced UHPFRC.  

 

\            

(a) U1.2s                                                   (b) U1.2h 

Fig. 5-7 Failure surface with fibers pulled-out after impact test 

 

The crack development in U1.2s and U1.2h under the repeated drop-weight impacts are shown 

in Figs. 5-8 and 5-9, respectively. Under the first impact, visible cracks can be observed at the bottom 

of U1.2s, and partial concrete scabbing is observed at the top surface of the beam. Under the second 

and third impacts, the scabbing area has insignificant expansion; on the other hand, the dominant crack 

 

Straightened 

hook 
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develops wider and longer. Fibers play an important role in controlling the crack development by their 

bridging actions. Under the fourth impact, U1.2s breaks completely and it is separated into two pieces 

with fibers pulled out from the matrix at the crack surface. No single broken fiber is seen (Fig. 5-7a). 

 

 
(a) After the 1st impact 

 

 
(b) After the 2nd impact 

 

 
(c) After the 3rd impact 

 

 
(d) After the 4th impact 

Fig. 5-8 Failure pattern of U1.2s under drop-weight impacts (failed after 4 impacts) 

 

Compared to U1.2s, more micro cracks occur in the HF-reinforced beam U1.2h. Additionally, 

the dominant crack in U1.2h appears later with a zigzag path and a larger final width before the 

complete failure of the beam. As shown in Fig. 5-9, U1.2h has almost invisible cracking after the first 

impact whereas concrete scabbing is observed at the beam top surface. More hairline cracks appear at 

the bottom of the beam under the second impact and they develop wider with the increasing impact 

numbers. The scabbing area is significantly enhanced under the second impact, after which the 

difference becomes limited. A dominant crack is observed in U1.2h after the fifth impact and it has 

more branches in comparison to that in U1.2s. This dominant crack is also more torturous and wider 

(see Fig. 5-9d) due to the special geometry of the HF, which further contributes to the higher absorbed 

impact energy of U1.2h. The beam finally breaks into two pieces after the eighth impact with a failure 

pattern similar to that of U1.2s.  
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crack 

Concrete 
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(a) After the 1st impact 

 

 
(b) After the 3rd impact 

 

 
(c) After the 5th impact 

 

 
(d) After the 7th impact 

Fig. 5-9 Failure pattern of U1.2h under drop-weight impacts (failed after 8 impacts) 

 

5.4.3 Performance of double-layered UHPFRC 

The impact responses of the double-layered UHPFRC beams are analyzed in this section to 

exhibit the improved dynamic performance generated by optimum distributing the fibers in the layered 

structure. Comparing the solid lines with the dash lines in Fig. 5-5 shows the different peak reaction 

forces Rpeak of the single- and the double-layered UHPFRC. Note that the equivalent fiber volumes of 

the double-layered beams are identical to those of the corresponding single-layered beams (see Table 

5-2). As shown by Fig. 5-5, U0.6s-1.6s and U0.6h-1.6h have similar Rpeak,1 to their respective single-

layered counterparts U1.2s and U1.2h. In contrast, the Rpeak,1 of U0.3s0.3h-0.8s0.8h and U0.6s-1.6h 

are about 11% and 5% smaller than the corresponding Rpeak,1 of U0.6s0.6h and U0.24s0.96h, 

respectively. Furthermore, Fig. 5-5 depicts that the double-layered UHPFRC, in general, have 

improved Rpeak than the single-layered ones under the subsequent impacts. The Rpeak of the double-

layered beams also decreases with a lower rate, as indicated by the slopes of the dash curves in Fig. 5-

5. The higher Rpeak and its slower decline with the increasing impact numbers present the advanced 

impact resistance of the double-layered UHPFRC. 

The N and Ea of the double-layered UHPFRC beams are analyzed in Fig. 5-10. Similar to the 

trend shown in Fig. 5-6, N and Ea increase with the increase of the HF amount in the double-layered 

UHPFRC. To be more specific, U0.6s-1.6s breaks under 4 impacts, while U0.3s0.3h-0.8s0.8h, U0.6s-

1.6h and U0.6h-1.6h can withstand 2, 4 and 6 more impacts than U0.6s-1.6s, respectively. 

Furthermore, a prominent enhancement of Ea is obtained with the increasing HF amount. For instance, 

the Ea of U0.3s0.3h-0.8s0.8h, U0.6s-1.6h and U0.6h-1.6h are about 1.6, 2.2 and 2.9 times higher than 

that of U0.6s-1.6s. 
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Fig. 5-10 Absorbed impact energy Ea and impact number N of double-layered UHPFRC 

 

In comparing Fig. 5-6 with Fig. 5-10, the influences of the fiber amount distribution on the 

impact responses of the double-layered UHPFRC beams can be revealed. It is interesting to observe 

that the double-layered structure has limited influences on the N of U0.6s-1.6s and U0.3s0.3h-0.8s0.8h, 

but more obvious effects on their Ea. The N of these two beams have no increase compared to the 

corresponding single-layered beams U1.2s and U0.6s0.6h. This may be attributed to the fact that the 

impact number in this study is designed to below 10 to prevent fatigue damage, making it too limited 

to show the difference between the double-layered beam and the single-layered one. Nevertheless, the 

Ea of U0.6s-1.6s and U0.3s0.3h-0.8s0.8h have 15% and 6% enhancements, respectively, showing the 

increased energy dissipation capacity of the double-layered UHPFRC in comparison with the single-

layered ones. On the other hand, U0.6s-1.6h and U0.6h-1.6h achieve more remarkably improved 

impact performances. They can withstand more impacts than their single-layered counterparts, and the 

Ea of U0.6s-1.6h and U0.6h-1.6h are approximately 31% and 28% higher than those of U0.24s0.96h 

and U1.2h, respectively.  

It can be concluded from the above observations that in comparison to the SF-reinforced 

UHPFRC, fiber amount distribution over the double-layered structure has more significant effects on 

the HF-reinforced UHPFRC. For instance, the difference of Ea between U0.6h-1.6h and U1.2h is about 

two times larger than that between U0.6s-1.6s and U1.2s. In addition, for the UHPFRC with both SF 

and HF, incorporating HF in the bottom layer and SF in the top layer, viz. U0.6s-1.6h, is a preferable 

choice. This combination can lead to a more obviously increased energy absorption capacity compared 

to the double-layered beam with hybrid fibers in both layers, viz. U0.3s0.3h-0.8s0.8h. 

Figs. 5-11 and 12 present the failure patterns of U0.6s-1.6s and U0.6h-1.6h under the repeated 

drop-weight impacts, respectively. It is noteworthy that the layer interfaces in the tested beams are 

rather invisible due to the excellent bond between the layers. As shown in Fig. 5-11, cracking starts 

from the bottom of U0.6s-1.6s after the first impact. Concrete scabbing from the top of the beam is 

observed with a larger damage area in comparison to that in U1.2s. A new branch of crack appears on 

the beam after the second impact, which propagates to connect the original dominant crack and the 

layer interface (see Fig. 5-11b). Similar to the failure process of U1.2s, the width of the dominant crack 

increases with the number of impacts; however, the crack path in U0.6s-1.6s is more complex 

compared to the almost straight cracking in U1.2s. Although both U1.2s and U0.6s-1.6s fail after 4 

impacts, a larger deflection is observed in U0.6s-1.6s (see Figs. 5-8c and 5-11c). These twisted 
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cracking due to the crack branch and the larger beam deflection under the impact contribute to the 

enhanced energy absorption capacity of U0.6s-1.6s than U1.2s. 

 

 
(a) After the 1st impact 

 

 
(b) After the 2nd impact 

 

 
(c) After the 3rd impact 

 

 
(d) After the 4th impact 

Fig. 5-11 Failure pattern of U0.6s-1.6s under drop-weight impacts (failed after 4 impacts) 

 

U0.6h-1.6h fails completely after 10 impacts. Slight concrete scabbing occur after the first 

impact, as shown in Fig. 5-12a. Hairline cracking can be observed at the bottom of the beam after the 

third impact. The larger amount of HF in the bottom layer of U0.6s-1.6s redistributes the stress and 

delays the initiation of cracks. Consequently, the cracks in the double-layered beam are less obvious 

compared to those in the single-layered beam U1.2h after the same number of impacts. Under the 

fourth and fifth impacts, the initial crack widens and an almost invisible crack branch initiates from 

the layer interface, which can be observed with a careful check. The dominant crack is formed after 6 

impacts, connecting the top and bottom surfaces of the double-layered beam. This dominant crack in 

U0.6h-1.6h is narrower compared to that in U1.2h because of the better crack control capacity of the 

double-layered beam. HFs are more concentrated at the bottom layer of U0.6h-1.6h, and they 

efficiently bridge the lower part of the dominant crack and inhibit the further opening of the crack at 

the upper part (Cao et al., 2019a). Since the width of the crack at the upper part is much smaller 

compared to the lower part, less fiber is required in the top layer to effectively control the crack 

development. As a consequence, the double-layered beam with fibers more reasonably distributed in 

the two layers achieves an advantageous energy absorption capacity. 
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(a) After the 1st impact 

 

 
(b) After the 3rd impact 

 

 
(c) After the 5th impact 

 

 
(d) After the 7th impact 

 

 
(e) After the 9th impact 

Fig. 5-12 Failure pattern of U0.6h-1.6h under drop-weight impacts (failed after 10 impacts) 

 

5.5 Prediction of absorbed impact energy based on fiber pullout 

5.5.1 Predicting the absorbed impact energy  

As observed in Fig. 5-7, steel fibers are pulled out from the UHPFRC matrix during the drop-

weight tests, indicating that the impact resistant capacity of the UHPFRC beam is associated closely 

with the dynamic fiber pullout performance. Based on a previous model characterizing the impact 

energy of a single-layered concrete subjected to one impact (Xu et al., 2010), a new model is developed 

for the double-layered UHPFRC against multiple impacts. Furthermore, the rate effects on the 

UHPFRC matrix and the fiber pullout responses are taken into consideration by employing the DIFs 

in the proposed model. 

Applying the composite theory, the absorbed impact energy of the UHPFRC beam with n layers 

(n = 1 or 2, see Fig. 5-13) can be divided into two parts: the part absorbed by the UHPC matrix (without 

fibers) and the part consumed by the dynamic fiber pullout (Wu et al., 2018; Xu et al., 2010; Yu, 2015): 
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                                                                                                              (5-4) 
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where Em,d,i is the impact energy absorbed by the UHPC matrix in the ith layer. Ef,d,i is the impact energy 

consumed by fiber pullout in the ith layer. Vm,i and Vf,i are the volume fractions of the matrix and the 

fiber in the ith layer, and Vm,i + Vf,i = 1. 

 

 
Fig. 5-13 Illustration of the beam 

 

Taking into account the pullout energy of each single fiber, as well as the cracking 

characterization on the beam under multiple impacts, Eq. 5-4 can be expressed as: 
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                                                                            (5-5) 

where ηθ is the fiber orientation coefficient, and it equals to 1/3 for a random 3D fiber distribution 

(Kang and Kim, 2011). hi is the thickness of the ith layer with 
1

n

ih H . In the case of a single-layered 

beam, hi = H, hi-1 = 0. b and h are the width and height of the beam, respectively. df is the fiber diameter. 

τeq,d is the equivalent bond strength under dynamic fiber pullout. N(z),i is the number of the fibers in an 

unit area on the crack plane at the depth of z. The fiber slip w(z) is considered as the crack width in the 

UHPFRC beam before its complete failure, and it is assumed to be proportional to the depth z: 

( ) = z hw w z H    for w(z) < lf / 2                                                                                                        (5-6a) 

( ) = / 2z fw l         for w(z) ≥ lf / 2                                                                                                        (5-6b) 

where wh is the crack width at the beam bottom before the complete failure of the beam (after the N-1 

impact ), and lf is the length of the fiber. 

The expressions of N(z),i is given below (Xu et al., 2010): 
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Substituting Eq. 5-7 into Eq. 5-5 yields: 
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                                                                                   (5-8) 

Then the DIF is adopted to consider the relationship between the dynamic and the static responses, 

and Eq. 5-8 becomes: 
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                                                                   (5-9) 

where Em,s,i is the absorbed energy of the UHPC matrix in the ith layer under static bending. τeq,s is the 

equivalent bond strength under static fiber pullout.  

DIFm presents the energy enhancement of the UHPC matrix, and the following expression (Pyo et al., 

2015) is used: 

 DIF  = 0.0967 .ln 1 9012dm                                                                                                         (5-10) 

DIFf,i presents the pullout force increase of the single steel fiber in the ith layer. For UHPFRC 

reinforced with hooked-end steel fibers, the DIFf,i from the dynamic fiber pullout study in Chapter 3 

can be adopted, i.e. Eq. 3-8 from Chapter 3 with γt substituted is used as the DIFf,i in this chapter:  

 ,
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                                                                                                                      (5-11) 

where the fiber length lf is in mm, and σc,s,i is the compressive strength of the UHPFRC in the ith layer 

in MPa. 

The strain rate d  is calculated by (Yoo et al., 2018):  

d 2
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hV

L
                                                                                                                                          (5-12) 

 where Vb is the beam velocity and Ls is the span length.  

 

5.5.2 Model validation and discussion 

U1.2h and U0.6h-1.6h are used to validate the proposed predictive model. The beam velocity Vb 

in Eq. 5-12 is obtained by integrating the acceleration data with time, and obviously, it is not constant 

during the drop-weight process (Yoo et al., 2018). Vb corresponding to Rpeak is picked, and the averaged 

value of each impact is taken to calculate the equivalent strain rate and the corresponding DIFs. The 

input parameters are given in Table 5-4. The absorbed energies of the plain UHPC matrices are 

obtained from Chapter 4. Moreover, τeq,s is adopted according to the pullout tests in Chapter 3, and the 

same value is used for the two beams due to the lack of experimental data presenting the relationship 

between the equivalent bond stress and the matrix strength.  

 

Table 5-4 Model inputs: 
d  is the strain rate; DIFm and DIFf,i are the dynamic increase factors of the matrix toughness and 

the fiber friction shear stress in the ith layer; Em,s,i is the absorbed energy of the UHPC matrix in the ith layer under static 

bending; τeq,s is the equivalent bond strength under static pullout; wh is the crack width at the beam bottom. 

 d  (s-1) DIFm DIFf,1 DIFf,2 Em,s,1 (N∙m) Em,s,2 (N∙m) τeq,s (MPa) wh (mm) 

U1.2h 60.72 2.30 1.62 - 2.37 - 10.1 16.04 

U0.6h-1.6h 66.11 2.31 1.64 1.67 0.95 1.42 10.1 15.29 
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Substituting these parameters into Eq. 5-9 gives the calculated absorbed impact energies of the 

two beams. Comparing the calculated absorbed impact energy with the experimental one (see Table 

5-5) shows that the proposed model can generate satisfying predictions for the single- and the double-

layered UHPFRC beams. To specify, the calculated Ea of U1.2h and U0.6h-1.6h are about 12.1% and 

6.4% higher than the experimental results.  

 

Table 5-5 Comparison between proposed model and experimental data without considering the group effect: Em,d,1Vm,1 is 

the part of the impact energy absorbed by the UHPC matrix in the nth layer under impact; Ef,d,iVf,i is the corresponding part 

consumed by the dynamic fiber pullout in the ith layer; Ea is the absorbed impact energy of the UHPFRC beam. 

 
Em,d,1Vm,1 

(N∙m) 

Em,d,2Vm,2 

(N∙m) 

Ef,d,1Vf,1 

(N∙m) 

Ef,d,2Vf,2 

(N∙m) 

Ea (N∙m) 
Error (%) 

Calculation by Eq. 5-9 Experiment 

U1.2h 5.37 - 292.16 - 297.53 265.33 12.1 

U0.6h-1.6h 2.17 3.22 8.68 345.69 359.76 337.98 6.4 

 

One error source may be the different pullout energies obtained from a single-fiber pullout test 

and from the pullout process in an UHPFRC with multiple fibers. This difference is associated with 

the fiber group effect, which reduces fibers’ efficiency and matrix’ capacity to resist the fiber-matrix 

bond under the pullout load, as analyzed in Chapter 2. Consequently, the pullout energy consumed by 

an individual fiber in the UHPFRC should be smaller than that obtained from the single-fiber pullout 

test; and the proposed model hence overestimates the experimental Ea. To account for the fiber group 

effect, a corresponding coefficient ηg can be introduced in the model, and Eq. 5-9 further turns to: 
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                                                              (5-13) 

ηg = 0.9 is determined for the utilized hooked-end steel fiber by fitting the experimental data in this 

study, and the corresponding error for U1.2h and U0.6h-1.6h updates to 1.1% and -4.0%, respectively 

(see Table 5-6).  

 

Table 5-6 Comparison between proposed model and experimental data with the group effect 

 
Em,d,1Vm,1 

(N∙m) 

Em,d,2Vm,2 

(N∙m) 

Ef,d,1Vf,1 

(N∙m) 

Ef,d,2Vf,2 

(N∙m) 

Ea (N∙m) 
Error (%) 

Calculation by Eq.5-13 Experiment 

U1.2h 5.37 - 262.94 - 268.31 265.33 1.1 

U0.6h-1.6h 2.17 3.22 7.81 311.11 324.32 337.98 -4.0 

 

With regards to the double-layered UHPFRC, the model’s inability to account for the extra 

energies dissipated by the twisted crack path and by the multiple crack branches also causes 

inaccuracy. As a result, the fiber slips and the number of activated fibers are underestimated, leading 

to a smaller fiber pullout energy. Nevertheless, this underestimation partially offsets the 

overestimation due to the fiber group effect, and hence U0.6h-1.6h has a smaller error than U1.2h in 

the original model without considering ηg, and the calculated Ea of U0.6h-1.6h is smaller than the 

experimental one in the modified model with ηg. Additionally, the accuracy of the proposed model can 

be further improved by employing more precise DIF equations for both the UHPC toughness and the 

fiber equivalent bond stress.  

In addition, Ea absorbed by the top and bottom half of the single-layered beam U1.2h can be 

estimated with the proposed model in Eq. 5-13. It shows that the bottom half of the single-layered 

beam consumes approximately 87% of the total Ea while the top half only constitutes 13%, revealing 
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that the energy absorption capacity of the single-layered beam is dominated by its bottom half. 

Therefore, it is rational to apply a layered structure with more fibers in the bottom layer to improve 

the impact resistance of the UHPFRC. In the case of the double-layered beam U0.6h-1.6h, the bottom 

layer also consumes a higher portion of the impact energy than the top layer, as expected. 

Furthermore, as shown in Table 5-6, the major part of the impact energy is consumed by the 

fiber pullout process, whereas the matrix cracking only constitutes an insignificant portion. This is in 

line with the brittle failure of plain UHPC and the remarkably improved toughness of UHPFRC under 

both static bending and dynamic impacts (Cao et al., 2019a; Yoo et al., 2018). It also confirms the 

importance of the steel fibers on enhancing the impact resistance of cementitious composites, 

indicating the significance of utilizing the fibers more efficiently. The dynamic fiber efficiency efff,d, 

defined as the ratio of the fiber consumed energy under the impacts and the total fiber mass in the 

UHPFRC beam, is adopted to further evaluate the fibers’ contribution to the absorbed impact energy: 

, , , , ,

1 1

 
n n

f d f d i f i f i i f

i i

eff E V V hbL
 

 
 
 

                                                                                            (5-14) 

where L is the beam length; ρf is the density of the fiber (ρf  =7850 kg/m3). 

The values of Ef,d,iVf,i are taken from Table 5-6 as calculated by the model. The obtained efff,d of 

U1.2h and U0.6h-1.6h are approximately 558.27  N∙m/kg and 677.14 N∙m/kg according to Eq. 5-14. 

The improvement of efff,d is more than 21%, which confirms the higher fiber utilization efficiency of 

the double-layered UHPFRC beam and further demonstrates the advantage of the layered structure.  

 

5.6 Conclusions 

The low-velocity impact performances of the coarse-aggregated UHPFRC beams with layered-

structure are investigated in this chapter by the repeated drop-weight tests, and the dynamic properties, 

e.g. the peak reaction load, the impact number, the absorbed impact energy, and the cracking process 

are analyzed systematically. The influences of the fiber geometry and fiber hybridization, as well as 

the effects of the fiber amount distribution over the layered structure are discussed in detail. A model 

to estimate the absorbed impact energy of the UHPFRC beam is proposed and validated. This study 

sheds light on understanding the dynamic behaviors of the single- and double-layered UHPFRC under 

impacts, as well as promotes the potential engineering applications of layered UHPFRC composite 

with an improved fiber utilization efficiency. The following conclusions can be drawn: 

(1) Fiber geometry significantly affects the resistance of UHPFRC against drop-weight impacts. 

The peak reaction force, the impact number and the absorbed impact energy increase with the increase 

of the hooked-end fiber amount in both the single- and double-layered UHPFRC. 

(2) The double-layered UHPFRC has a superior impact performance than its single-layered 

counterpart. The double-layered beam has a higher peak reaction force and a smaller decline rate with 

the increasing impact number. The absorbed impact energy of the double-layered UHPFRC is also 

improved, and this improvement is more obvious on the UHPFRC with hooked-end fibers. Moreover, 

for UHPFRC with both the straight and hooked-end fibers, distributing the hooked-end fibers in the 

bottom layer and the straight ones in the top layer, viz. U0.6s-1.6h, generates a desirable energy 

absorption capacity. 
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(3) No layer debonding occurs during the impact tests of the double-layered UHPFRC thanks to 

its sufficient bond strength. Cracking branches appear on the double-layered composite beam, 

connecting to or initiating from the layer interface. The dominant crack is narrower and more twisted 

compared to that in the corresponding single-layered beam.  

(4) A new model is developed to estimate the absorbed energy of the layered UHPFRC under 

repeated drop-weight impacts. The rate effects on the UHPFRC matrix and the dynamic fiber pullout 

responses are considered in the model. Furthermore, a coefficient accounting for the fiber group effect, 

viz. ηg, is proposed and it equals to 0.9 for the hooked-end steel fiber used in this study. The developed 

model is validated by the drop-weight test results. 

(5) The proposed model confirms that the fiber pullout process constitutes the major part of the 

beam absorbed impact energy while the matrix cracking only consumes an insignificant portion. 

Additionally, a 21% higher fiber efficiency of the double-layered beam is obtained according to the 

model estimation, which further confirms the advantages of the layered structure. 
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Chapter 6 

Enhancing the high-velocity impact resistance of 

coarse-aggregated UHPFRC by an optimized layered-

structure concept * 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* This chapter is partially reproduced from: Y.Y.Y. Cao, P.P. Li, H.J.H. Brouwers, Q.L. Yu, 

Resistance of Multi-Layered UHPFRC against in-service projectile: Experimental Investigation and 

Modelling Prediction (Submitted),  and Y.Y.Y. Cao, M. Sluijsmans, H.J.H. Brouwers, Q.L. Yu, 2019. 

Ballistic performances of multi-layered Ultra-high Performance Fiber Reinforced Concrete, in: 2nd 

International Conference of Sustainable Building Materials (ICSBM 2019), Eindhoven, the 

Netherlands. 9 p. 
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Abstract 
This chapter investigates the impact resistance of coarse-aggregated layered UHPFRC against 

in-service 7.62 mm × 51 AP projectile at 840 m/s. Coarse basalt aggregates are incorporated in the 

UHPFRC under the premise of reducing the cement powder consumption and taking advantages of 

their superior ballistic resistance. The maximum aggregate size further increases from 8 mm to 16 mm 

to discuss the influence of coarse aggregates on the impact resistance of UHPFRC. Thanks to the 

combined effects of the coarse aggregate, the layer interface, the fibers direction in the thin middle 

layer, and the edge confinement of the rear layer, the designed triple-layered UHPFRC U16a1s(40)-

8a1s(10)-16a1s(40) achieves a superior impact resistance compared to the single-layered reference, 

with a 32% reduction of the depth of penetration. The results from this chapter shed light on 

understanding the ballistic performance of coarse-aggregated layered UHPFRC, and promote its 

application in protective constructions.  
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6.1 Introduction 

Security problems of protective structures have become critical considerations. Having a 

potentially high risk of being exposed to ballistic weapons, e.g. in conflict areas or under terrorist 

attacks, these structures require suitable construction materials to withstand high-velocity impacts. The 

superior properties of UHPFRC make it a potential candidate for these protective structures (Li and 

Yu, 2019; Yu et al., 2014). The advantageous impact resistance of UHPFRC has been revealed by 

various studies. Yu et al. (Yu, 2015; Yu et al., 2016) evaluated the performances of a sustainable 

UHPFRC against projectile and claimed that the developed UHPFRC with hybrid fibers is a good 

choice for protective structures. Máca et al. (Máca et al., 2014) and Sovjak et al. (Sovják et al., 2015, 

2013a) investigated the responses of UHPFRC under deformable and non-deformable projectile 

impacts; their studies presented that UHPFRC provides a better protection compared to high-strength 

concrete, and the UHPFRC containing 2% steel fibers achieves an optimum resistance. Liu et al. (Liu 

et al., 2017) experimentally and numerically evaluated the penetration responses of UHPFRC, and 

observed the superior performances of UHPFRC in terms of the depth of penetration (DOP), the crater 

diameter as well as the projectile abrasion. 

Coarse aggregates are usually eliminated from conventional UHPFRC. On the one hand, using 

only fine aggregates in UHPFRC benefits its strength enhancement, thus reducing the DOP. On the 

other hand, coarse aggregates in a cementitious target improve its impact resistance by eroding the 

projectile and deviating the ballistic trajectory, which increase the energy dissipation of the projectile 

and decrease the DOP in the target (Dancygier, 2017; Peng et al., 2018; Wu et al., 2019). The above 

facts, therefore, promote the idea of developing coarse-aggregated UHPFRC possessing the 

advantages of both the ultra-high strength of the matrix and the improved resistance provided by the 

coarse aggregates. Insufficient studies have been conducted to explore the ballistic performance of 

coarse-aggregated UHPFRC. For instance, Wu et al. conducted penetration tests of UHPFRC with 

corundum (H. Wu et al., 2015b) and basalt (H. Wu et al., 2015a) aggregates against 25.3 mm projectile, 

and their studies revealed that the coarse aggregates are beneficial to reduce both the DOP and the 

impact crater size. It is noteworthy that their studies focus on the response of UHPFRC against large 

caliber projectiles (> 12.6 mm). In contrast, the resistance under small caliber arms, e.g. the 7.62 mm 

bullet, is not addressed, although it is a common in-service projectile in many countries (Peng et al., 

2016a).  

Steel fibers in UHPFRC contribute to enhancing the toughness of the specimen and reducing the 

damage on the impact surface, which increase the ballistic limit of the UHPFRC (Dancygier, 2017). 

In addition, fibers help to prevent the severe concrete spalling at the rear side of the impacted structure, 

which may act as further “projectiles” and amplify the devastating effect on the people and objects 

inside the structure (Yu, 2015). As shown in Fig. 6-1, when a UHPFRC target is under impact, three 

response regions can be obtained, namely the impact region, the tunnel region and the rear region 

(Almusallam et al., 2013; Peng et al., 2016a; Yu, 2015): (1) In the impact region, the UHPFRC is 

crushed by the projectile with the concrete pieces ejected off from the surface. An impact crater is 

generated in this region and cracking occurs around the crater as the stress waves are reflected several 

times inside the target. (2) The tunnel region is under compression with a confining pressure. A 

cylindrical tunnel is formed in this region due to the penetrating projectile. Because of the confining 

pressure, the diameter of the tunnel does not expand to a very large size, i.e. it is only slightly greater 
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than the diameter of the projectile. (3) In the rear region, the compressive waves generated by the 

projectile are reflected to be tensile ones, producing distributed cracks in the rear surface. Scabbing 

and spalling may also be observed in the rear region, and the scabbing area is usually shallower but 

wider than the impact crater as a result of the stronger tensile stress waves near the rear surface.  

 

 

 
 

Fig. 6-1 Response regions in UHPFRC under penetration 

 

The above response regions in Fig. 6-1 indicate that the fracture characteristic of UHPFRC 

changes along the projectile trajectory. That being the case, a homogeneous structure is not the most 

favorable option for the UHPFRC target as it cannot take the full advantages of its ingredients, e.g. the 

coarse aggregates and the steel fibers (Quek et al., 2010; Zhang et al., 2005). To generate a more 

effective ingredient utilization and to improve the overall impact resistance of the target, multi-layered 

UHPFRC with ingredients varying in each layer according to the response regions along the ballistic 

trajectory is preferred (Dancygier, 2017; Dancygier et al., 2014). Inadequate studies can be found in 

open literature regarding the ballistic analysis of cementitious composites with multi-layers. Among 

the limited studies, Quek et al. (Quek et al., 2010) designed a four-layered cementitious composite: 

the first and the last layers had hybrid fibers, the second layer had coarse aggregates, and the third 

layer was composed of plain mortar. It was found in their study that the developed layered composite 

has a superior ballistic resistance compared to that of the plain mortar. Lai et al. (Lai et al., 2017) 

developed a double-layered cementitious composite with an anti-penetration layer (containing coarse 

aggregates but no fiber) and a crack resistance layer (having fibers but no aggregates). By analyzing 

its impact response against repeated ballistic impacts, they obtained that the designed layered 

composite has a decreased DOP and a reduced crater area. It should be pointed out that in the above 

studies, the fibers and the coarse aggregates were incorporated in different layers, i.e. the combined 

effects of the two ingredients have not been considered.   

In this chapter, coarse-aggregated layered UHPFRC is developed and tested. The ballistic 

resistance is evaluated by the impact test against in-service 7.62 mm × 51 AP projectile at a velocity 

of around 840 m/s. The effects of the fibers and coarse aggregates are exhibited using the results of 

the single-layered UHPFRC, while the potential enhancing mechanisms of the layered structure are 

revealed by analyzing the double-layered UHPFRC. Based on them, the triple-layered UHPFRC 

targets are designed to achieve the optimum distributions of the fiber amount and the aggregate size 

with the optimum layer thicknesses. The results from this chapter provide an important perspective for 

understanding the contributions of different ingredients on the ballistic resistance, and the developed 

multi-layered UHPFRC inspires the advanced design of protective structures.  

Impact region 

 

Tunnel region 

 

Rear region 

Cracking     Scabbing and spalling 

Cracking      Impact crater  
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6.2 Materials and experimental methods 

6.2.1 Materials and mix design 

The recipes of the UHPFRC are based on (Li and Yu, 2019). The basalt aggregates utilized have 

four size groups: 2-5 mm, 5-8 mm, 8-11 mm and 8-16 mm, as presented in Table 6-1. Two types of 

steel fibers are included: the Dramix OL 13/.20 straight fiber (SF) and Dramix RC 80/30-BP hooked-

end fiber (HF). The properties of the fibers can be found in Chapters 2 and 4.  

 

Table 6-1 Recipes of the UHP(FR)C: CEM = cement, mS = micro-silica, LP = limestone powder, S = sand, BA 2-5 = 

basalt aggregate with sizes of 2-5 mm, BA 5-8 = basalt aggregates with sizes of 5-8 mm, BA 8-11 = basalt aggregates with 

sizes of 8-11 mm, BA 8-16 = basalt aggregates with sizes of 8-16 mm, W = water, SP = superplasticizer, SF = straight 

fiber, HF = hooked-end fiber. 

CEM mS LP S 
BA 

2-5 

BA 

5-8 

BA 

8-11 

BA 

8-16 
W SP SF HF 

(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (%) (%) 

588.0 39.2 156.8 839.9 413.2 232.3 0 0 

149 9.4 0 0 

157 8.5 

1.0 0 

0.5 0.5 

0 1.0 

157 12.5 
1.5 0 

0 1.5 

525.0 35.0  140.0 699.3 445.2 186.9 147.8 209.6 

154 4.9 0 0 

161 4.5 
1.0 0 

0 1.0 

161 6.5 1.5 0 

 

6.2.2 Design of the layered UHPFRC target 

The designed UHPFRC targets are listed in Table 6-2. The single-layered UHPFRC are labeled 

as S1~ S5, while the double- and the triple-layered UHPFRC are labeled as D1 ~ D4 and T1 ~ T7, 

respectively. The letters a, s and h present the aggregate, SF and HF, respectively; and the number 

before them are the maximum aggregate size of the layer (in mm), and the corresponding fiber volume 

fractions in that layer. The layer thickness (in mm) is shown by the number inside the brackets. In total 

32 targets are tested, including 10 single-layered targets, 8 double-layered targets and 14 triple-layered 

targets.  

 

6.2.3 Mixing, casting and testing methods 

The mixing and casting of the UHPFRC samples are conducted at room temperature of around 

20 ℃. The mixing procedure is as follows: dry mixing of all powders and sand for 2 minutes; adding 

75% of the water and mixing for another 2 minutes; adding the superplasticizer with the remaining 

water and mixing for 4 minutes; adding the steel fibers and mixing for 3 minutes; subsequently adding 

the basalt aggregates and mixing for 4 to 6 minutes until they are well distributed in the mixture.  

The 100 mm cubic specimens are used for the compressive, splitting tensile and bond tests, 

following the same methods in Chapter 4 (Section 4.3.4). Cylindrical mould with a diameter of 

approximately 275 mm is utilized to cast the UHPFRC targets for the ballistic tests. This diameter is 

more than 30 times the diameter of the projectile , hence boundary effects can be eliminated (Lai et 
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al., 2017; Peng et al., 2016b). For the multi-layered UHPFRC, an identical casting method is employed 

as described in Chapter 4 (Section 4.3.3).  

The 7.62 mm ×51 AP projectile is utilized for the ballistic tests (see Fig. 6-2). The impact 

velocity is around 840 m/s, as recorded by the velocity measurement system of the ballistic launch 

system (Fig. 6-3). The cylindrical UHPFRC target is mounted by a specially designed steel frame fixed 

on the ground to prevent its movement during the ballistic tests. As presented in Fig. 6-4, the top and 

bottom edges of the UHPFRC are clamped by two screws to simulate point supports (Máca et al., 

2014). The center of the frame has a hole with a diameter slightly smaller than the size of the UHPFRC 

target (Fig. 6-4a), therefore, the spalling fragments from the rear face of the UHFRC are not restrained 

and their traces can be observed by the damage on the white board behind the frame (Fig. 6-4b). The 

tests are conducted at 56 days after curing. After the ballistic tests, the targets are cut along the axial 

direction with a saw cutting machine to observe the internal damage.  

 

                         
(a) Projectiles                      (b) Compositions (Holmen et al., 2017) 

Fig. 6-2 The 7.62 mm × 51 AP projectile (Li, 2019)                                              

 

 
Fig. 6-3 Launch system 

 

        
(a) Back side of the frame             (b) Fixing frame and white board               (c) Front side of the frame 

Fig. 6-4 Penetration test set-up
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Table 6-2 Multi-layered UHPFRC: In the identification a dash is used to divide the layers; U indicates UHPFRC; the number before the letter a is the maximum aggregate size (in mm); 

the numbers before s and h are the volume fractions of SF and HF; the number inside the brackets is the layer thickness (in mm). 

Group Identification 

Layer thickness Maximum aggregate size Fiber volume fraction 
Equivalent 

fiber fraction 

(%) 

(mm) (mm) (%) 

1st layer 2nd layer 3rd layer 1st layer 2nd layer 3rd layer 
1st layer 2nd layer 3rd layer 

SF HF SF HF SF HF SF HF 

S1 U8a(90) 90 - - 8 - - 0 - -    0 0 

S2 U8a1s(90) 90 - - 8 - - 1 0 - - - - 1 0 

S3 U8a0.5s0.5h(90) 90 - - 8 - - 0.5 0.5 - - - - 0.5 0.5 

S4 U8a1h(90) 90 - - 8 - - 0 1 - - - - 0 1 

S5 U16a1s(90) 90 - - 16 - - 1 0 - - - - 1 0 

D1 U8a1s(45)-16a1s(45) 45 45 - 8 16 - 1 0 1 0 - - 1 0 

D2 U8a1s(45)-16a1h(45) 45 45 - 8 16 - 1 0 0 1 - - 0.5 0.5 

D3 U8a1h(45)-16a1s(45) 45 45 - 8 16 - 0 1 1 0 - - 0.5 0.5 

D4 U16a1s(45)-8a1s(45) 45 45 - 16 8 - 1 0 1 0 - - 1 0 

T1 U8a1.5s(30)-8a(30)-8a1.5s(30) 30 30 30 8 8 8 1.5 0 0 0 1.5 0 1 0 

T2 U8a1.5h(30)-8a(30)-8a1.5h(30) 30 30 30 8 8 8 0 1.5 0 0 0 1.5 0 1 

T3 U8a1.5s(30)-16a(30)-8a1.5s(30) 30 30 30 8 16 8 1.5 0 0 0 1.5 0 1 0 

T4 U16a1.5s(30)-8a(30)-16a1.5s(30) 30 30 30 16 8 16 1.5 0 0 0 1.5 0 1 0 

T5 U16a1s(30)-8a1s(30)-16a1s(30) 30 30 30 16 8 16 1 0 1 0 1 0 1 0 

T6 U16a1s(20)-8a1s(50)-16a1s(20) 20 50 20 16 8 16 1.5 0 0 0 1.5 0 1 0 

T7 U16a1s(40)-8a1s(10)-16a1s(40) 40 10 40 16 8 16 1.5 0 0 0 1.5 0 1 0 
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6.3 Experimental results 

6.3.1 Static mechanical properties 

The compressive strength σc,s and the splitting tensile strength σt,s of the designed UHPFRC 

mixtures (see Table 6-1) at the age of 56 days are given in Table 6-3. The UHPFRC with the hybrid 

fibers generates the highest σt. For instance, the hybrid fiber-reinforced group U8a0.5s0.5h has a 133% 

higher σt,s than that of the plain UHPC U8a, whereas the corresponding enhancements are 70% and 

95% for the SF reinforced group U8a1s and the HF reinforced group U8a1h. This trend is in line with 

that in Chapter 5 (Section 5.3). 

Thanks to the dense particle size distribution resulted from the optimum mix designs, the coarse-

aggregated UHPFRC achieve an ultra-high σc,s satisfying the strength condition of UHPFRC. A slight 

increase of σc,s is even observed for the UHPFRC containing the 16 mm basalt aggregates than those 

with the 8 mm aggregates. This may be attributed to the strengthened concrete skeleton with the larger 

aggregates, and the different cement amount and water/binder ratio of the 8 mm and 16 mm groups. 

This improved strength with the increase of the aggregate size is also reported in other studies (Liu et 

al., 2016; Nikbin et al., 2014; Yoo and Banthia, 2017b).  

The maximum difference of σc,s among the developed matrices is obtained between U8a and 

U16a1s (the difference is within 8%). As suggested by previous ballistic studies, the DOP no longer 

decreases remarkably when the concrete strength is higher than a certain value, e.g. 90 MPa (H. Wu 

et al., 2015a) ~ 100 MPa (Zhang et al., 2005). Therefore, in the ballistic performance analysis in 

Section 6.4, the influences of these different σc,s on the impact resistances of the developed UHPFRC 

targets are ignored. More detailed information regarding the properties of the coarse-aggregated 

UHPFRC at the material level can be found in (Li et al., 2018).  

 

Table 6-3 Compressive and tensile strengths of the UHPFRC mixtures in individual layers 

 

The interfacial bond strengths σb between the layers are listed in Table 6-4. The maximum σb is 

achieved by U8a1h-16a1s, which is around 8.6 MPa. The minimum σb is obtained by U8a-8a1.5s with 

a value of approximately 6.8 MPa. Similar to the failure pattern in Chapter 4 (see Fig. 4-1), cohesive 

failure occurs during the bond splitting tests in this chapter. Cracking is observed to propagate through 

both layers in each specimen. Therefore, the obtained bond strength of each specimen is associated 

with the properties of its two layers and the crack lengths in both layers. 

 

 

Group Identification 
Compressive strength  σc,s (MPa) Tensile strength  σt,s (MPa) 

Avg. St. dev. Avg. St. dev. 

1 U8a 149.6 2.8 7.2 1.3 

2 U8a1s 154.9 2.5 12.3 1.2 

3 U8a0.5s0.5h 158.5 1.0 16.8 1.2 

4 U8a1h 151.8 1.9 14.1 1.1 

5 U8a1.5s 158.5 3.0 15.3 0.6 

6 U8a1.5h 155.3 2.9 16.9 2.4 

7 U16a 150.7 3.1 8.3 2.5 

8 U16a1s 161.3 3.5 14.6 1.4 

9 U16a1h 153.6 2.7 14.9 1.6 

10 U16a1.5s 160.2 2.0 16.4 1.3 
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Table 6-4 Bond strength of the layered UHPFRC 

Group Identification 
Bond strength σb  (MPa) 

Corresponding to the groups in Table 6-2 
Avg. St. dev. 

1 U8a-8a1.5s 6.8 1.8 T1 

2 U8a-8a1.5h 8.1 1.8 T2 

3 U8a-16a1.5s 7.2 2.6 T4 

4 U8a1s-16a1s 7.0 1.6 D1, D4, T5-7 

5 U8a1s-16a1h 7.0 2.4 D2 

6 U8a1h-16a1s 8.6 2.4 D3 

7 U8a1.5s-16a 7.5 1.7 T3 

 

6.3.2 Ballistic test results 

The resistant capacity of the designed UHPFRC is assessed by the DOP and the damage in the 

impact surface, i.e. the equivalent crater diameter Deq. The DOP is defined as the distance from the 

impact surface to the deepest point in the target. Deq is quantified as 1 2eqD D D , where D1 and D2 

are the diameters of the impact crater measured in two perpendicular directions (see Fig. 6-5a). The 

damage in the rear surface is not easy to be quantified as the damage, i.e. cracks, spalling or scabbing, 

is not prominent in most tested targets (e.g. Fig. 6-5b). Therefore, the damage in the rear surface is 

used only for qualitative evaluations and it is defined as five levels (Dancygier et al., 2007; Ueno et 

al., 2018):  

 Level 1. No visible damage to hairline cracks. 

 Level 2. Visible cracks without scabbing. 

 Level 3. Heavy cracking. 

 Level 4. Scabbing and spalling or shear plug without perforation. 

 Level 5. Perforation with a residual velocity.  

 

DOP and Deq of the tested samples are listed in Table 6-5 except for that of the UHPC target S1, 

viz. U8a(90), because it is perforated by the projectile and breaks into larger pieces due to the lack of 

fibers (see Fig. 6-6). Table 6-5 presents that DOP of the multi-layered UHPFRC are smaller than that 

of their single-layered counterparts. Moreover, the triple-layered target with the optimum layer 

thickness, viz. U16a1s(40)-8a1s(10)-16a1s(40) (T7 in Table 6-5), achieves the smallest DOP, which 

is approximately 32% smaller than that of the single-layered target U8a1s(90) (S2 in Table 6-5). 

Additionally, the cement amount utilized in T7 is about 10% less than that in S2 thanks to the 

incorporation of the 16 mm coarse aggregates, which contributes to the material effectiveness and the 

environmental sustainability. A systematical analysis of the ballistic performances of the single-, 

double- and triple-layered UHPFRC is presented in Section 6.4. 
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(a) Impact surface                                          (b) Rear surface                                                    (a) Impact surface                                           (b) Rear surface 

Fig. 6-5 Damage in the UHPFRC                                                                                 Fig. 6-6 Perforation of the reference UHPC sample S1 

 

Table 6-5 Penetration test results of designed UHPFRC: Level 1. No visible damage to hairline cracks; Level 2. Visible cracks without scabbing; Level 3. Heavy cracking; Level 4. 

Scabbing and spalling or shear plug without perforation; Level 5. Perforation with a residual velocity. 

Group Identification 

Penetration velocity 

(m/s) 
Depth of penetration (mm) Equivalent crater diameter (mm) 

Damage in the rear 

surface 

1st 

sample 

2nd 

sample 

1st 

sample 

2nd 

sample 
Avg. 

1st 

sample 

2nd 

sample 
Avg. 

1st 

sample 

2nd 

sample 

S1 U8a(90) 838.9 842.3 perforation Level 5 

S2 U8a1s(90) 838.5 841.9 62.0 60.0 61.0 75.70 70.00 72.85 Level 2 

S3 U8a0.5s0.5h(90) 839.3 841.8 61.0 60.5 60.8 66.10 70.00 68.05 Level 1 

S4 U8a1h(90) 841.8 839.6 61.0 62.0 61.5 75.22 74.10 74.66 Level 1 Level 2 

S5 U16a1s(90) 840.7 847.3 55.0 55.0 55.0 62.95 62.55 62.75 Level 2 

D1 U8a1s(45)-16a1s(45) 842.6 845.0 57.0 55.0 56.0 67.07 77.86 72.47 Level 3 Level 2 

D2 U8a1s(45)-16a1h(45) 845.2 842.3 54.0 55.0 54.5 67.92 70.54 69.23 Level 3 Level 4 

D3 U8a1h(45)-16a1s(45) 845.4 846.1 59.0 54.0 56.5 69.72 72.84 71.28 Level 2 Level 1 

D4 U16a1s(45)-8a1s(45) 841.0 842.9 51.0 53.0 52.0 57.55 65.19 61.37 Level 1 Level 2 

T1 U8a1.5s(30)-8a(30)-8a1.5s(30) 846.3 836.0 58.0 54.0 56.0 67.19 69.50 68.35 Level 2 

T2 U8a1.5h(30)-8a(30)-8a1.5h(30) 837.9 850.2 56.0 60.0 58.0 80.00 61.60 70.80 Level 2 

T3 U8a1.5s(30)-16a(30)-8a1.5s(30) 841.8 845.4 55.0 57.0 56.0 70.20 72.00 71.10 Level 2 

T4 U16a1.5s(30)-8a(30)-16a1.5s(30) 840.9 845.9 52.5 51.0 51.8 53.08 59.54 56.31 Level 2 

T5 U16a1s(20)-8a1s(50)-16a1s(20) 842.5 845.2 54.0 54.5 54.3 70.64 65.19 67.92 Level 1 

T6 U16a1s(30)-8a1s(30)-16a1s(30) 841.5 839.3 52.0 52.5 52.3 65.19 67.92 66.56 Level 1 Level 1 

T7 U16a1s(40)-8a1s(10)-16a1s(40) 838.5 840.0 49.0 46.5 47.8 72.52 65.56 69.04 Level 1 

D1 

D2 
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6.4 Discussions 

6.4.1 Response of single-layered UHPFRC 

In order to understand the contributions of the steel fibers and the coarse aggregates on the 

ballistic resistance of UHPFRC, the single-layered groups S1 ~ S5 are investigated. The plain UHPC 

S1 reveals the effects of fiber addition. As expected, macro-cracks split S1 into several large pieces 

and the projectile perforates the target with a residual velocity. Additionally, the damage in the rear 

surface of S1 (Fig. 6-6b) is clearly severer than that in the impact surface (Fig. 6-6a) due to the stronger 

tensile waves reflected at the back side of the UHPC. Other targets in this study are reinforced with 

steel fibers, and none of them experience such a destructive failure pattern; instead, they successfully 

stop the projectile inside the targets. The outstanding resistance of the fiber-reinforced targets 

compared to that of S1 confirms the significance of the fibers. Fibers in the UHPFRC can effectively 

inhibit the development of cracks. Moreover, they increase the toughness of the material as well as 

prevent the disintegration of the target, which further generates a supplementary confinement to the 

projectile and provides an additional resistance.  

Fig. 6-7 shows the penetration results of S2 ~ S4, which are single-layered UHPFRC with an 

identical fiber amount but different fiber geometries. As can be observed in the figure, the three groups 

have comparable DOP of about 61 mm, indicating the insignificant effects of fiber geometry and fiber 

hybridization on DOP. On the contrary, fiber hybridization decreases the damage size in the UHPFRC, 

as confirmed by the smallest Deq of S3 among the three groups. This phenomenon may be attributed 

to the higher tensile strength of the S3 matrix. The hybridization of the short SF and the long HF 

produce a synergistic cracking control ability, i.e. the short fibers effectively bridge the micro-cracks 

while the long fibers contribute more to the prevention of the macro-cracks (Markovic, 2006).  

 

 
Fig. 6-7 Depth of penetration (DOP) and equivalent crater diameter (Deq) of single-layered UHPFRC: S2 ~ S5 are 

corresponding to U8a1s(90), U8a0.5s0.5h(90), U8a1h(90), and U16a1s(90), respectively. 

 

In comparing S2 with S5 in Fig. 6-7 demonstrates that the larger coarse aggregates promote a 

superior impact resistance in terms of both the DOP and the equivalent crater diameter. The DOP and 

Deq of S5 (with the maximum aggregate size of 16 mm) are approximately 11% and 16% smaller than 

those of S2 (with the maximum aggregate size of 8 mm). Similar results are reported in (H. Wu et al., 

2015a, 2015b), which investigated the effects of coarse aggregates in concrete targets with strengths 
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between 65 and 130 MPa. The contributions of these coarse aggregates are mainly associated with the 

following factors. When the UHPFRC is subjected to ballistic impact, the rapid pressure enhancement 

in the target forces the micro-cracks to propagate rapidly. The strain rate caused by the penetration is 

so high that the cracks are driven to develop through the aggregates instead of propagating around 

them. Since the coarse basalt aggregates have a higher strength and a larger hardness than the UHPC 

matrix, these aggregates can act as barriers to the cracks, and the resistance is consequently improved. 

In addition, with the increase of the aggregate size, the penetrating projectile has a higher possibility 

to hit the aggregate, as presented in Fig. 6-8. These aggregates not only increase the abrasion of the 

projectile, but also deviate its trajectory, leading to a larger loss of the projectile kinetic energy.  

 

 
(a) S2 

 

 
(b) S5 

Fig. 6-8 Cross section of single-layered UHPFRC: S2 and S5 are corresponding to U8a1s(90) and U16a1s(90). 

 

6.4.2 Response of double-layered UHPFRC 

The impact resistant performances of the double-layered UHPFRC are discussed in this section. 

Fig. 6-9 presents the DOP and Deq of the double-layered UHPFRC. As shown in the figure, D1 ~ D3 

have comparable DOP despite their different fiber geometries. Similar damage level of the impact 

surface is also observed in these groups, showing that fiber geometry scarcely affects the damage 

distribution when the maximum aggregate size is 8 mm. These agree with the observations in Section 

6.4.1. In contrast, the damage distribution differs with different fibers when the maximum aggregate 

size is 16 mm. As presented in Fig. 6-10, serious spalling of concrete pieces is observed on the rear 

surface of D2 (with HF in the rear layer), whereas D3 (with SF in the rear layer) has only slight damage, 

namely only hairline cracks appear on its back side. This distinct damage level of D2 and D3 indicates 

that for the UHPFRC with a maximum aggregate size of 16 mm, the short SF can provide a more 

effective damage control compared to the long HF. Possible reasons are illustrated in Fig. 6-11. Firstly, 

a larger number of short SF are added into the UHPFRC than the long HF when they have the same 

fiber volume fraction, resulting in the superior control on target cracking. Secondly, the distribution 

of the long HF in the 16 mm coarse-aggregated UHPFRC may be more inclined due to the large size 

of the aggregate and the long length of the HF. These inclined HF might not be able to provide a 

cracking resistance as efficient as the aligned fibers because of their reduced pullout resistance at large 

inclinations (see the pullout tests in Chapter 2). Thirdly, the longer HF generates higher stresses in the 

surrounding concrete and produces a larger disturbed zone, which leads to a more serious damage in 

the target (Zhang et al., 2007). 

Projectile is 

stopped by a 

coarse aggregate 

Projectile 
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Fig. 6-9 Depth of penetration (DOP) and equivalent crater diameter (Deq) of double-layered UHPFRC: D1 ~ D4 are 

corresponding to U8a1s(45)-16a1s(45), U8a1s(45)-16a1h(45), U8a1h(45)-16a1s(45) and U16a1s(45)-8a1s(45). 

 

       
(a) D1                                                    (b) D2                                                   (c) D3 

Fig. 6-10 Damage in the rear surface of double-layered UHPFRC: D1 ~ D3 are corresponding to 

U8a1s(45)-16a1s(45), U8a1s(45)-16a1h(45) and U8a1h(45)-16a1s(45), respectively. 

 

                          
(a) Short straight fiber                                           (b) Long hooked-end fiber 

Fig. 6-11 Illustration of fibers effects on UHPFRC. 

 

Comparing D1 and D4 with S2 further demonstrates that increasing the aggregate size in either 

the impact or the rear layers of the UHPFRC reduces the DOP, and this reduction is more remarkable 

when the large aggregates are in the impact layer, viz. D4. To be more specific, the DOP of D1 and 

D4 are about 9% and 20% smaller than that of S2, respectively. This is because in D1 the large coarse 

aggregate starts to play a role until the projectile reaches the rear layer, while in D4 its effect is 

activated immediately when the projectile touches the impact surface (see Fig. 6-12). With regard to 
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Deq, increasing the maximum aggregate size of the impact layer shows a positive effect (comparing S2 

in Fig. 6-7 with D4 in Fig. 6-9); however, the larger aggregates have almost no influence when they 

are added to the rear layer of the sample (comparing S2 in Fig. 6-7 with D1 in Fig. 6-9).  

 

 
(a) D1 

 
(b) D4 

Fig. 6-12 Cross section of double-layered UHPFRC: D1 and D4 are corresponding to  

U8a1s(45)-16a1s(45) and U16a1s(45)-8a1s(45)), respectively 

 

Moreover, the double-layered UHPFRC D4 has a smaller DOP than the single-layered target 

S5, which has large aggregates in the whole volume. This may be resulted from the effects of the 

layered structure. Firstly, the layer interface can invoke more wave interactions in the double-layered 

UHPFRC and dampen the strength of the impact waves (Chen and Chandra, 2004). Secondly, the 

network of cracks inside the double-layered target along the layer interface, as can be observed in Fig. 

6-12b, contributes to an additional absorption of the projectile kinetic energy (Quek et al., 2010). 

Thirdly, the interface cracking reduces the damage in the rear layer of the double-layered UHPFRC, 

and this stronger back side in turn provides a greater resistance to the projectile, in comparison to the 

single-layered UHPFRC undergoing substantial cracking in the whole target. Fourthly, the different 

maximum aggregate sizes in the two layers of D4 may generate varying levels of confinement on the 

projectile. As the projectile usually seeks a path of the least resistance during its penetration (Booker 

et al., 2009), this different confinement may therefore change the projectile trajectory in the layered 

UHPFRC and generate an improved impact performance. Furthermore, it is worth mentioning that in 

spite of the interfacial cracks, layer delamination did not occur in the tested multi-layered UHPFRC, 

i.e. the samples are able to retain their integrity rather than disintegrate into separated layers thanks to 

the excellent interfacial bond strength.  

 

6.4.3 Response of triple-layered UHPFRC 

In this section, triple-layered UHPFRC is designed with the optimum distributions of the fiber 

amount and the aggregate size in the layered structure. Based on the failure pattern illustrated in Fig. 

6-1, the UHPFRC target is divided into three layers. For the group with the optimum fiber amount 

distribution, e.g. T1 and T2, the steel fibers are more concentrated in the outer layers while the middle 

layer has no fiber considering its utilization efficiency. For the group with the optimum aggregate size 

distributions, e.g. T5, the maximum aggregate size of the outer layers is 16 mm while that of the middle 

layer is 8 mm based on the knowledge gained from Section 6.4.2. Additionally, groups T6 and T7 are 

Projectile stopped 

by coarse aggregate 
Interfacial 

cracking 

Projectile stopped 

in the rear layer 

Interfacial 
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set to study the effects of layer thickness, and the possible enhancing mechanisms related to the layer 

thickness are also analyzed. 

The penetration results of T1 ~ T4 are presented in Fig. 6-13. Influences of the fiber amount 

distribution over the layered UHPFRC can be obtained by the comparisons of T1 with S2 or T2 with 

S4. As can be observed in the figure, these triple-layered targets have reduced DOP and Deq, 

confirming that the fibers in the two outer layers are more efficiently utilized in comparison to those 

distributed in the middle part of the target. This is in line with the damage distribution in Fig. 6-1, as 

the middle tunneling region of the target is under compression with a confining pressure and the 

contribution of the fibers is relatively limited in this region. 

 

 
Fig. 6-13 Depth of penetration (DOP) and equivalent crater diameter (Deq) of triple-layered UHPFRC:  

T1 ~ T4 are corresponding to U8a1.5s(30)-8a(30)-8a1.5s(30), U8a1.5h(30)-8a(30)-8a1.5h(30),  

U8a1.5s(30)-16a(30)-8a1.5s(30) and U16a1.5s(30)-8a(30)-16a1.5s(30), respectively. 

 

Furthermore, the comparable DOP and Deq of T1 and T3 reveal that the aggregate size in the 

middle layer of the target has negligible effects on its impact resistance. On the contrary, the maximum 

aggregate size of the outer layers plays a role. As shown in Fig. 6-13, T4 has an 8% decreased DOP 

than that of T1, and its Deq is also remarkably reduced (approximately 21% smaller than that of T1). 

The rear-surface damage patterns of T1 ~ T4 are shown in Fig. 6-14. The targets have similar damage 

levels in their rear layers that some visible cracks appear in the distal surface, while no concrete 

scabbing is observed. This further presents the advantage of the triple-layered UHPFRC in preventing 

the second damage caused by the spalling concrete particles from the rear surface. In general, the 

triple-layered UHPFRC with the optimum distributions of both the fiber amount and the aggregate 

size, viz. T4, achieves an 18% reduced DOP and a 29% reduced Deq than those of the reference group 

S2. Therefore, taking into account both the DOP and the damage in the two outer surfaces, the design 

of T4 with larger aggregates and more fibers in the outer layers is recommended. 
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(a) T1                                                              (b) T2 

 

           
(c) T3                                                       (d) T4 

Fig. 6-14 Damage in the rear surface: T1 ~ T4 are corresponding to U8a1.5s(30)-8a(30)-8a1.5s(30), U8a1.5h(30)-

8a(30)-8a1.5h(30), U8a1.5s(30)-16a(30)-8a1.5s(30) and U16a1.5s(30)-8a(30)-16a1.5s(30), respectively. 

 

Different layer thicknesses are further considered to obtain the optimum layer design of the 

triple-layered UHPFRC. The results are plotted in Fig. 6-15. A clear decrease of DOP is observed with 

the increase of the outer layer thickness from 20, 30 to 40 mm, corresponding to T5, T6 and T7. It is 

noteworthy that T7 achieves the smallest DOP among all the tested targets in this study, which may 

be attributed to the following factors: the large aggregate, the layer interface, the direction of fibers in 

the thin middle layer, and the edge confinement of the thick rear layer. The effects of the coarse 

aggregate and the layer interface have been mentioned in previous sections. As with the contribution 

of the middle layer, the 10 mm thin layer of T7 restrains the randomly distribution of the 13 mm SF 

inside it; instead, it forces the fibers to orientate in a 2D plane and maximizes the fiber efficiency 

(Denarié, 2009). Since the fibers are forced to be distributed perpendicularly to the penetration 

direction, they work as a steel reinforcing mesh and provide an enhanced resistance to the projectile. 

As shown in Fig. 6-16, T7 also has smaller damage in its rear region. This almost intact rear layer of 

T7 further provides an enhanced edge confinement at the back side, and therefore, generates a higher 

resistance to the projectile. 
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Fig. 6-15 Influences of the layer thickness on the depth of penetration (DOP) and equivalent crater diameter (Deq):  

T5 ~ T7 are triple-layered samples corresponding to U16a1s(20)-8a1s(50)-16a1s(20), U16a1s(30)-8a1s(30)-16a1s(30)  

and U16a1s(40)-8a1s(10)-16a1s(40), respectively. 

 

 
(a) T5 

 
(b) T6 

 
(c) T7 

Fig. 6-16 Cross section of the UHPFRC samples: T5 ~ T7 are triple-layered samples corresponding to  

U16a1s(20)-8a1s(50)-16a1s(20), U16a1s(30)-8a1s(30)-16a1s(30) and U16a1s(40)-8a1s(10)-16a1s(40), respectively. 

 

Fig. 6-17 depicts the damage on the side surface of T5 ~ T7. It is interesting to find that although 

these triple-layered targets have two layer interfaces in each target, only the interface between the 

middle and the rear layers show obvious cracks, while no crack can be observed in the other interface 

between the impact and the middle layers by naked eyes. This single interface cracking is associated 

with the stress wave phenomena inside the UHPFRC. The compressive stress wave generated by the 

projectile is reflected as a tensile wave upon its arrival at the rear surface of the target; then the tensile 

stress wave interferes with the original compressive wave, resulting in a descendingly compressive 

and ascendingly tensile wave (Almusallam et al., 2013; Wang et al., 2016). When the amplitude of the 

resulting tensile wave exceeds the bond strength between the layers, cracking would localize at the 
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layer interface. However, the wave propagation and the cracking at the interface between the middle 

and the rear layers dissipate the wave energy. Consequently, the amplitude of the reflection wave is 

dampened below the bond strength when it reaches the other interface between the impact and the 

middle layers. Therefore, no cracking occurs at the interface near the impact surface.  

 

   
(a) T5                                                             (b) T6                                                   (c) T7 

Fig. 6-17 Damage in the side surface: T5 ~ T7 are triple-layered samples corresponding to U16a1s(20)-8a1s(50)-

16a1s(20), U16a1s(30)-8a1s(30)-16a1s(30) and U16a1s(40)-8a1s(10)-16a1s(40), respectively. 

 

6.5 Conclusions 

Multi-layered UHPFRC containing coarse basalt aggregates are developed in this chapter, and 

their ballistic performances are evaluated against the 7.62 mm × 51 AP projectile at a velocity of about 

840 m/s. In spite of its 10% less cement dosage, the designed triple-layered UHPFRC U16a1s(40)-

8a1s(10)-16a1s(40) achieves a 32% reduced DOP compared to its single-layered counterpart 

U8a1s(90). The following specific conclusions can be drawn: 

(1) The coarse basalt aggregates in the UHFRC target reduce both the DOP and the equivalent 

crater diameter. They improve the impact resistance of UHPFRC by increasing the material hardness, 

eroding the projectile and deviating its trajectory, which contribute to the dissipation of the projectile 

kinematic energy. 

(2) Fibers improve the resistance of UHPFRC by increasing the material toughness and preventing 

the target disintegration. Fiber geometry insignificantly affects the ballistic performance when the 

maximum aggregate size of the target is 8 mm, but for the UHPFRC with a maximum aggregate size 

of 16 mm, the straight fiber can provide a more effective damage control compared with the hooked-

end fiber. Possible reasons are related with the higher amount of the straight fiber, the reduced pullout 

resistance of the hooked-end fiber due to its inclination, and the smaller disturbed zone in UHPC with 

the short straight fiber. 

(3) For the double-layered UHPFRC, increasing the aggregate size in either layer decreases the 

DOP, and the effect is more obvious when the larger aggregates are applied in the impact layer. The 

double-layered UHPFRC with 16 mm aggregates in the impact layer and 8 mm aggregates in the rear 

layer has a reduced DOP than the single-layered one with 16 mm aggregates. Possible enhancing 

mechanisms include the layer interface that dampens the impact waves, the interfacial cracking that 

promotes energy consumption, the reduced damage in the rear surface that provides a higher resistance, 

and the different confining levels of the two layers due to the different aggregate sizes.  

(4) For the triple layered UHPFRC, fiber amount distribution over the layered structure reduces 

both the DOP and the equivalent crater diameter, and the design of utilizing larger aggregates and 

more fibers in the outer layers is recommended for the triple-layered UHPFRC. Furthermore, the 

optimized triple-layered UHPFRC U16a1s(40)-8a1s(10)-16a1s(40) achieves the smallest DOP, 

thanks to the combined effects of the coarse aggregate, the layer interface, the direction of fibers in the 

thin middle layer, and the edge confinement of the thick rear layer.  

30 mm 20 mm 
40 mm 
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*This chapter is partially reproduced from: Y.Y.Y. Cao, Q.H. Tan, Z.G. Jiang, H.J.H. Brouwers, Q.L. 

Yu, A nonlinear rate-dependent model for predicting the penetration depth in UHPFRC, Cement and 

Concrete Composites 106 (2020) 103451, and Y.Y.Y. Cao, P.P. Li, H.J.H. Brouwers, Q.L. Yu, 

Resistance of Multi-Layered UHPFRC against in-service projectile: Experimental Investigation and 

Modelling Prediction (Submitted). 
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Abstract 
UHPFRC is a promising material for constructing protective structures against ballistic impacts. 

Nevertheless, there is still a lack of effective models to predict the depth of penetration (DOP) in 

UHPFRC. This study proposes analytical predictive models for both single- and multi-layered 

UHPFRC, on the basis of an improved dynamic spherical cavity expansion theory. The Hoek-Brown 

criterion is utilized to account for the nonlinear response of UHPFRC, and its rate dependency is 

addressed by incorporating the dynamic increase factor (DIF). The developed predictive models for 

UHPFRC are validated against the penetration experimental data from literature and presented in 

Chapter 6. The results indicate that the proposed models can achieve reasonable DOP predictions for 

both the single- and multi-layered UHPFRC.   
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7.1 Introduction 

Predicting the DOP in UHPFRC is essential for assessing its ballistic resistance. A number of 

DOP predictive models have been proposed for concrete (Li and Chen, 2003; Yu, 2015), and detailed 

reviews can be found in (Ben-Dor et al., 2015; Li et al., 2006; Yankelevsky, 2017). These models 

provide straightforward approaches to predict the DOP in concrete with the considerations of the 

impact velocity, concrete strength, projectile weight and geometry (Le, 2017). Generally, current DOP 

predictive models can be classified into empirical, semi-empirical and theoretical categories. The 

application range of empirical models normally depends on the conducted experiments, from which 

the formulae are derived by data-fitting. In addition, empirical models such as ACE, NDRC and 

UKAEA formulae are usually unit dependent, making it difficult to identify the important physical 

quantities in the formulae (Li and Chen, 2003). Semi-empirical models are in general developed based 

on theoretical analysis with some parameters determined by experimental data, for example the 

empirical constant S in the Forrestal semi-empirical formula (Forrestal et al., 1994; Li and Chen, 2003) 

and Li-Chen formula (Li et al., 2006). It is noteworthy that these empirical and semi-empirical models 

are mainly proposed for NC, i.e. some parameters in the models are obtained based on the properties 

of NC, and using them to predict the DOP in UHPFRC would lead to inaccurate results (Le, 2017). 

With regard to theoretical models, they calculate the impact resisting force with some physically based 

assumptions, e.g. the resistance on the projectile is constant (Rosenberg and Kositski, 2016) or velocity 

dependent (Forrestal et al., 1994; Warren and Forrestal, 1998), and then derive the DOP through the 

Newton’s second law with the analytical resisting force (Rosenberg and Kositski, 2016). Among the 

existing theoretical models, the cavity expansion theory analytically calculates the resistance with 

definite physical meanings, and it has been successfully applied for concrete targets impacted by 

different projectiles under various penetration velocities (Forrestal and Tzou, 1997; Meng et al., 2018; 

Zhen et al., 2014).  

Applying the cavity expansion theory, the penetration of the projectile in a target is modeled as 

the expansion of a spherical or cylindrical cavity at a constant velocity. The resistant pressure on the 

projectile is then computed analytically by the radial stress at the cavity surface (Macek and Duffey, 

2000). Compared to the cylindrical cavity expansion theory, the spherical cavity expansion theory is 

more extensively used and it gives accurate results as long as proper yield criteria of the target material 

are adopted (Meng et al., 2018). To simplify the calculation, linear yield criteria, e.g. the Mohr-

Coulomb criterion (Forrestal and Tzou, 1997; He et al., 2011; Kong et al., 2016b) and the Drucker-

Prager criterion (Feng et al., 2015), are usually applied in the current cavity expansion theory. For 

instance, Forrestal and Tzou (Forrestal and Tzou, 1997) developed a spherical cavity expansion model 

for concrete targets with the assumption that the material surrounding the projectile yields according 

to the Mohr-Coulomb criterion with a tension cutoff. Feng et al. (Feng et al., 2015) used the modified 

Drucker-Prager Cap plasticity criterion to describe the concrete behavior in their dynamic cavity 

expansion model, which was validated by the penetration test data of NC targets with strengths of 36 

MPa and 51 MPa. Nevertheless, for an UHPFRC target under high speed penetrations, its constitutive 

relationship exhibits nonlinear characteristics due to the extremely high pressure around the projectile-

target interface (Kong et al., 2017). As a consequence, nonlinear yield criteria, such as the Hoek-

Brown criterion and the Griffith criterion, can be more appropriate than their linear counterparts when 

applying the cavity expansion theory for UHPFRC (Kong et al., 2017). Few relevant research can be 
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found utilizing nonlinear yield criteria in cavity expansion models. Among the limited studies, Meng 

et al. (Meng et al., 2018) established a finite cavity expansion model based on the modified Griffith 

criterion; Kong et al. (Kong et al., 2017) introduced a hyperbolic yield criterion and Murnaghan 

equation of state (EOS) to describe the plastic response of concrete. It should be pointed out that the 

former study focused on NC targets confined in steel tubes, i.e. the boundary condition in the model 

cannot be applied for common UHPFRC targets without confinement; whereas the latter one had 

complex EOS with many parameters determined by complicated experiments, such as triaxial 

compression tests and flyer-plate-impact tests (Kong et al., 2017).  

In addition, most of the current cavity expansion models do not take the rate dependency of the 

concrete material into account. However, at a high penetration velocity, the projectile produces very 

high strain rates in the surrounding concrete and the rate effect of the concrete material can 

considerably affect the ballistic resistance (CEB-FIP, 2010). Forrestal et al. (Forrestal et al., 1994; 

Forrestal and Tzou, 1997; Warren and Forrestal, 1998) conducted a series of investigations on the 

cavity expansion model for various materials. The strain rate effect was presented in their models for 

the aluminum target (Warren and Forrestal, 1998), but it was ignored in the models for concrete 

material (Forrestal and Tzou, 1997). More recently, Feng et al. (Feng et al., 2015) incorporated the 

concrete rate dependency into the Drucker-Prager criterion. The resistances obtained using the cavity 

expansion models with and without considering the rate effect were compared in their study, and the 

results suggested that the resistance is underestimated in the case without the rate effect, especially 

under high speed penetrations. This, therefore, shows the significance of catering for the rate 

dependency of concrete in the dynamic cavity expansion model. 

In this chapter, new DOP predictive models for single- and multi-layered UHPFRC are proposed 

on the basis of an improved dynamic spherical cavity expansion theory. The Hoek-Brown criterion 

(Hoek et al., 2002) is introduced to describe the nonlinear response of the UHPFRC material, and the 

rate effect under projectile penetration is considered to present the enhancement of the UHPFRC 

resistance. Based on the obtained cavity surface stress, the DOP predicting formulae for the single- 

and multi-layered UHPFRC are developed and validated by the experimental data in literature and in 

Chapter 6. The proposed models can accurately predict the DOP of the UHPFRC, and the varying 

mechanical properties in the layered targets can be considered. 

 

7.2 Improved constitutive model for UHPFRC 

7.2.1 Hoek-Brown criterion  

The Hoek-Brown criterion is initially introduced to describe the failure of hard rocks under 

confining pressures, and it has been widely used for the design of underground excavations (Hoek et 

al., 2002). The non-linear form distinguishes the Hoek-Brown criterion from linear failure criteria, e.g. 

the Mohr-Coulomb criterion (Eberhardt, 2012). Similar to the underground rocks under the confining 

pressure, in a UHPFRC target, the inner UHPFRC surrounding the projectile is also under high 

confinement generated by the outer UHPFRC layer due to the lateral inertia at high strain rates (Li et 

al., 2006). Considering this, the Hoek-Brown criterion is applied in the cavity expansion model for 

UHPFRC in this study.  

The expression of the Hoek-Brown criterion is given as  (Hoek et al., 2002): 
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3
1 3 ,

,

1c s

c s

m


  


                                                                                                                 (7-1) 

where σc,s is the static compressive strength; σ1and σ3 are the major and minor principal stresses, 

respectively; m is a parameter related to material properties. It is suggested that m is affected by the 

ratio of compressive to tensile strengths as well as the friction coefficient of the material (Meng et al., 

2018).  

The above equation can be transformed to:  
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3 31

, , ,

1
c s c s c s
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                                                                                                                    (7-2) 

Since the strength ratio of UHPFRC differs with that of NC, the values of m should also be different. 

To obtain the relationship between m and σc,s, triaxial compression test data of concrete with strengths 

from around 90 MPa to 170 MPa are collected (Farnam et al., 2010; Ren et al., 2016; Sovják et al., 

2013b; Xie et al., 1995). Fitting the data gives the corresponding values of m to various σc,s, as shown 

in Fig. 7-1a. The equations in the figure represent the trend line of each group. An empirical equation 

to determine m is then proposed in Fig. 7-1b and expressed as (σc,s in MPa): 

,23.22 0.11 c sm                                                                                                                               (7-3) 

 

    
(a) Obtaining m by data fitting                                            (b) Relationship between m and σc,s 

Fig. 7-1 Hoek- Brown parameter m 

 

7.2.2 Rate dependency incorporation  

The target material surrounding a penetrating projectile is under high pressure and high strain 

rate. As presented in literature (Li et al., 2006; Millard et al., 2010; Tran et al., 2015), the behavior of 

cementitious material is considerably affected by the strain rate, and the strength of concrete is 

significantly improved under a high loading rate. Consequently, the failure criterion of the 
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cementitious material differs under impact loadings and it requires modifications to address the rate 

effect in the case of penetration.  

DIF is commonly used to gauge the strength enhancement. The DIF formulae recommended in 

(CEB-FIP, 2010) are most widely accepted for concrete, and they are incorporated in the constitutive 

relation of UHPFRC in the present study to account for the rate effects. The expressions are given as 

Eqs. 7-4 and 7-5: 

 For tensile strength (CEB-FIP, 2010): 
0.018

0

DIF  = t
t

t





 
 
 

                for 
t  ≤ 10 s-1                                                                                           (7-4a) 

1/3

0

DIF = 0.0062 t
t

t





 
 
 

       for 
t > 10 s-1                                                                                            (7-4b) 

where t  is the tensile strain rate, the static reference rate 0t  = 1×10-6 s-1. 

 For compressive strength (CEB-FIP, 2010): 

0

0.014

DIF = c
c

c





 
 
 

              for c  ≤ 30 s-1                                                                                             (7-5a) 

1/3

0

DIF  = 0.012 c
c

c





 
 
 

      for c > 30 s-1                                                                                            (7-5b) 

where c  is the compressive strain rate, the static reference rate 0c  = 30 ×10-6 s-1. 

 It should be noted that these DIF formulae are developed based on dynamic tests of NC, 

applying them directly for UHPFRC would overestimate its rate effect. On the one hand, the 

compressive strength enhancement of concrete material at a high strain rate, e.g. at the order of 103 ~ 

104 s-1, is mainly attributed to the lateral inertia and the lateral confinement (Li et al., 2006). That is to 

say, the obtained DIF is not a material property and the true strength increase is much less than the 

prediction in CEB-FIP Model Code 2010. On the other hand, the DIF of concrete material tends to 

decrease as its strength increases, i.e. UHPFRC should have smaller DIFs compared to NC (Hassan 

and Wille, 2017; Hou et al., 2018; Ngo et al., 2007). Nonetheless, since current DIF formulae for 

UHPFRC are mainly established with small amounts of data, most studies still employ the CEB-FIP 

Model Code to predict the DIFs of UHPFRC (Yoo and Banthia, 2017b). In the present study, these 

recommended DIF formulae in (CEB-FIP, 2010) are also adopted, but the obtained cavity surface 

stress is then corrected with a reduction factor ξ when using it in the DOP predictive model (see Section 

7.4.1). By comparing the literature-given DIFs of UHPFRC (Mao et al., 2014; Yoo and Banthia, 2016) 

and those given in CEB-FIP Model Code 2010 at strain rates between 103 ~ 104 s-1,  ξ = 0.35 is 

determined in the present study for both compression and tension (an example of the rate effect on σc,s 

is shown in Fig. 7-2). More discussion on ξ is presented in Section 7.4.3. 
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Fig. 7-2 DIF reduction factor ξ 

 

7.3 Dynamic cavity expansion model 

7.3.1 Descriptions 

The following assumptions are proposed in this study for the dynamic cavity expansion model: 

 The projectile penetration process in a semi-infinite UHPFRC target is treated as a spherical 

cavity expanding from zero to a radius rc at a constant velocity  cr . Since the cavity is expanded from 

zero initial radius, a steady-state is immediately reached and the cavity keeps expanding under a 

constant pressure (Rubin et al., 2016; Salgado and Prezzi, 2007). Consequently, the acceleration term 

cr  and other higher order terms equal to zero.  

 Similar to previous studies concerning NC (Fang et al., 2014; Feng et al., 2015; Meng et al., 

2018), the UHPFRC target is assumed to be incompressible to simplify the problem with possible 

analytical solutions. The assumption is acceptable since the micro structure of UHPFRC is much 

denser than that of NC (Cao et al., 2019a; Cao and Yu, 2018). Nevertheless, the negligence of material 

compressibility may lead to the overestimation of the cavity surface stress to a certain degree (Forrestal 

and Tzou, 1997), and this should be kept in mind in the error analysis of DOP models. 

 For an incompressible material, no density change occurs during the deformation; and the 

radial stress, displacement and velocity at the interfaces of different response regions should be 

continuous according to the Hugoniot interface conditions (Warren and Forrestal, 1998). 

 In the comminuted region, the UHPFRC material obeys the Hoek-Brown criterion described 

in Section 7.2.1. The principal stress components satisfy the conditions σ1 = σr, σ3 = σθ in the spherical 

coordinates (Meng et al., 2018). 

Based on the above assumptions, the schematic diagram of the cavity expansion model is 

illustrated in Fig. 7-3. Two possible response modes could be invoked in the surrounding material 

depending on the expansion velocity  cr : (1) at a relatively small  cr , three response regions are 

presented in the target, namely a comminuted region (rc < r ≤ rp), a cracked region (rp < r ≤ rcr) and an 

elastic region (rcr < r ≤ re). rc, rp, rcr and re are the radii of the cavity and the above corresponding 

regions (Fig. 7-3a); (2) as the expansion velocity cr  increases and exceeds a critical value tr , the 

comminuted region reaches and surpasses the cracked region, viz. rp ≥ rcr, then the response of the 

target turns to an elastic-comminuted mode as shown in Fig. 7-3b. 
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(a) elastic-cracked-comminuted response                                   (b) elastic -comminuted response 

 Fig. 7-3 Response regions in UHPFRC target 

 

7.3.2 Elastic-cracked-comminuted response 

The conservation equations of momentum and mass are (Warren and Forrestal, 1998):   

2 rr v v
v

r r t r

 


   
    

   
                                                                                                       (7-6) 

 
3 2

0 3r u r
r

 
   
 

                                                                                                                  (7-7) 

where σr and σθ are the radial and circumferential Cauchy stress components, measured positive in 

compression; r is the radius; v is the particle velocity in the radial direction at time t, and u is the 

particle displacement (both measured positive outward); ρ0 and ρ are the densities in the un-deformed 

and deformed states. For an incompressible material, ρ = ρ0 (Warren and Forrestal, 1998). 

The steady state expansion assumption leads to the boundary condition that the displacement at 

the cavity boundary must equal to its radius (Salgado and Prezzi, 2007). Therefore, Eq. 7-7 can be 

integrated with u (r = rc) = rc (Meng et al., 2018), and it yields    

 
1/3

3 3

cu r r r                                                                                                                              (7-8) 

The particle displacement and velocity are related by (Warren and Forrestal, 1998): 

1
u u

v
t r

  
  

  
                                                                                                                                  (7-9) 

Eqs. 7-8 and 7-9 then result in the expression of v (Warren and Forrestal, 1998): 

2

c
cv r

r
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                                                                                                                                     (7-10) 

The strain rates at the radial and the circumferential directions are then obtained as  (Warren and 

Forrestal, 1998): 

Cavity 
Comminuted 

Cracked 
Elastic 

o                     rc                       rp                  rcr                 re                    r 
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o                   rc                           rp                           re                     r 
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                                                                                                                                         (7-12) 

Substituting Eqs. 7-11 and 7-12 into Eq. 7-6 gives the new form of the momentum conservation 

equation; and letting the acceleration term  cr  = 0 leads to: 
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                                                                                            (7-13) 

 Elastic region 

The response equations in the elastic region is presented in (Warren and Forrestal, 1998). The 

particle displacement and velocity are (Warren and Forrestal, 1998): 

3

23

cru
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                                                                                                                                              (7-14) 
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Thus the elastic strains at the radial and the circumferential directions are  
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The elastic strains and the Hook’s law lead to the relationship between the elastic stresses: 
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                                                                                              (7-18) 

where E is the elastic modulus; μ is the Poisson’s ratio and it equals to 0.5 for incompressible materials. 

Integration of Eq. 7-13 with Eq. 7-18 yields the expressions of the elastic stresses: 
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At the elastic-cracked region interface r = rcr, the circumferential stress reaches the dynamic 

tensile strength σt,d of the material, viz. σθ(r = rcr) = -σt,d(r = rcr). The dynamic tensile strength can be 

obtained by  

    ,,
DIF

cr cr
t st d r r t r r

 
 

                                                                                                                        (7-21) 

where σt,s is the static tensile strength of UHPFRC, and DIFt (r = rcr) can be calculated by Eq. 7-4 with  

2

( ) 3
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cr

c c
t r=r

cr

r r

r
                                                                                                                                (7-22) 

By combining Eqs. 7-20 ~ 7-22 and the boundary condition σθ (r = rcr) = -σt,d (r = rcr), one gets the 

equations to determine the location of the elastic-cracked region interface, viz. rcr: 
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     for t   ≤ 30 s-1                              (7-23a) 
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               for t  > 30 s-1                              (7-23b) 

 

 Cracked region 

In the cracked region, the circumferential stress σθ = 0, and Eq. 7-13 turns into  
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Integrating Eq. 7-24 yields the expression of the radial stress in the cracked region: 
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                                                                                                        (7-25) 

where C0 is a constant that needs to be solved by considering the continuous condition at rcr, i.e. the 

radial stress σr (r = rcr) solved by Eq. 7-25 equals to the solution of Eq. 7-19. Therefore, C0 can be 

obtained and the radial stress in the cracked region is 

3 2 4
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                                                       (7-26) 

Similarly, the location of the cracked-comminuted regions interface, viz. rp, can be determined 

by the boundary condition that the radial stress reaches the dynamic compressive strength σc,d at rp :  
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The dynamic compressive strength σc,d (r = rp) can be obtained by  
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where DIFc (r = rp) is calculated by Eq. 7-5 with 
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Then rp is solved by: 
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for c  ≤ 30 s-1         (7-30a) 
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for c  > 30 s-1         (7-30b) 

 Comminuted region 

The UHPFRC material in the comminuted region yields according to the nonlinear Hoek-

Brown criterion. Substituting Eq. 7-1 to the momentum conservation equation Eq. 7-13 with σ1 = σr, 

σ3 = σθ and replacing σc,s by σc,d lead to  
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Further incorporating DIFc and the strain rate results in: 
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for c ≤ 30 s-1        (7-32a) 
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for c > 30 s-1      (7-32b) 
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The numerical solutions of the above nonlinear differential equations can be solved by Runge-

Kutta method with the boundary conditions given in Eqs. 7-27 and 7-30. Finally, the radial stress at 

the cavity surface σr (r = rc) can be obtained with r = rc in the solutions.  

 

7.3.3 Elastic-comminuted response 

 Critical expansion velocity 

At a relatively high expansion velocity c tr r , the cracked region diminishes and the UHPFRC 

target turns into an elastic-comminuted response. The critical expansion velocity tr  can be obtained by 

letting the radius of the cracked region equal to that of the comminuted region, viz. rcr = rp = rt, where 

rt is the critical radius for the response transfer. Substituting rcr = rp = rt into Eqs. 7-23 and 7-30 with 

c tr r  results in the following equations: 
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Solving the equations results in the solutions of the critical expansion velocity  tr  as well as the critical 

radius rt. 

 

 Elastic region 

For the elastic-comminuted response, the expressions of the elastic stresses σr and σθ are the 

same as Eqs. 7-19 and 7-20.  

Similarly, the location of the elastic-comminuted region interface rp can be determined by 

substituting Eq. 7-27 to Eq. 7-19: 
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       for c  ≤ 30 s-1                                         (7-35a) 
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       for c    30 s-1                                        (7-35b) 

 

 Comminuted region 

In the comminuted region, the UHPFRC material yields according to the Hoek-Brown criterion. 

The radial stress at the cavity surface rc is still solved by Eq. 7-32 but with a different boundary 

condition, i.e. rp for the elastic-comminuted response is given by the solution of Eq. 7-35 rather than 

by that of Eq. 7-30, which is for the elastic-cracked-comminuted response.  
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The general procedure to obtain the radial stress at the cavity surface σr (r = rc) is shown in Fig. 7-

4. The required initial input parameters include rc,  cr , σc,s, σt,s, E, ρ, m, where rc equals to the radius of 

the projectile; σc,s and σt,s are the static compressive and tensile strengths of the UHPFRC, respectively; 

E and ρ are its elastic modulus and density; m is obtained by Eq. 7-3. cr  can represent the particle 

velocity ahead of the projectile, and it depends on the projectile velocity V and the shape of the 

projectile head (Forrestal and LuK, 1992; Longcope et al., 1999; Meng et al., 2018):  

coscr V                                                                                                                                            (7-36) 

where φ is the angle between the axial of the projectile and the normal direction of the projectile head 

surface. 

  
Fig. 7-4 Procedure to calculate the cavity surface stress 

 

7.4 DOP model for single-layered UHPFRC 

7.4.1 DOP predictive model  

Based on the above dynamic cavity expansion theory, a model for predicting the DOP in single-

layered UHPFRC target is proposed in this section. The penetration process of the projectile in the 

target can be divided into two stages: a cratering stage and a following tunneling stage (Forrestal et 

al., 1994). The cavity expansion theory is used for the tunneling stage, while the depth of the cratering 

Initial input parameters： 

𝑟𝑐 , 𝑟 𝑐, 𝜎𝑐,𝑠, 𝜎𝑡,𝑠, E, ρ, m 

Calulating 𝑟 𝑡  by 

 Eqs.7-33 and 7-34 

If 𝑟 𝑐 < 𝑟 𝑡, then elastic-cracked-

comminuted response 
If 𝑟 𝑐 ≥ 𝑟 𝑡, then elastic-comminuted 

response 

Calulating 𝑟𝑐𝑟  with Eq. 7-23 

Calulating 𝑟𝑝 with Eq. 7-30 Calulating 𝑟𝑝 with Eq. 7-35 

Calulating σr (r = rp) with Eqs. 7-5, 7-27 ~ 7-29 

Boundary condition:  

r = rp, σr = σr (r = rp) 

  

Calulating σr (r = rc) by Eq. 7-32 with r = rc 
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stage is assumed to be kd, where d is diameter of the projectile and k = 0.707+h/d with h being the 

projectile head length (Li and Chen, 2003). For simplification, only rigid projectile at normal impact 

is discussed in this study (Forrestal et al., 1994).   

From Newton’s second law of motion, one gets: 

=
dV dV

F M MV
dt dx

                                                                                                                (7-37) 

where F is the axial force on the projectile head; M is the mass of the projectile. V and x are the 

projectile traveling velocity and the penetration depth at time t. 

The axial force at the cratering stage F1 is assumed to be proportional to the depth x, as suggested 

by the experimental deceleration data (Forrestal et al., 1994; Li and Chen, 2003). Thus, the expression 

can be presented as (Forrestal et al., 1994): 

1 1   = F C x       for x ≤ kd                                                                                                                        (7-38) 

where C1 is a constant. 

Combining Eqs. 7-37 and 7-38, and considering the initial condition of the cratering stage: x (t = 0) = 

0, V (t = 0) = V0, as well as its end condition: x (t = t1) = kd, V (t = t1) = V1 give the expression of F1:  
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      for x ≤ kd                                                                                                       (7-39) 

At the tunneling stage, the axial force on the projectile head is obtained by integrating the normal 

stress σn on the projectile head surface s (Meng et al., 2018): 

2 cosnF ds                for x > kd                                                                                                      (7-40) 

In the presented model, the normal stress σn is replaced by the reduced cavity surface stress ξσr (r = rc), 

in which σr (r = rc) is the radial stress at the cavity surface obtained in Section 7.3, and ξ is a reduction 

factor discussed in Section 7.2.2. Therefore, one gets 

(2 ) cos
cr r rF ds       for x > kd                                                                                                     (7-41) 

To obtain the closed-form DOP formula, the numerical results from the dynamic cavity 

expansion model is curve-fitted with the following form as suggested by (Feng et al., 2015; Forrestal 

and Tzou, 1997): 
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                                                                                     (7-42) 

where the first term A is the radial stress at the cavity surface under the quasi-static response (Forrestal 

and Tzou, 1997), and it can be determined by setting cr  = 0 and DIFs = 0 in the equations in Section 

7.3. The second term in the right-hand side of Eq. 7-42 accounts for the rate effect, while the third 
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term is reported to be associated with the inertia of the target (Bornord and Hanagud, 1975; Feng et 

al., 2015). More detailed derivation of the inertia term can be found in (Bornord and Hanagud, 1975).  

The parameters B and C are determined by fitting the solutions of the cavity expansion model with

,c s c
r   being the independent variable and   ,

c
c sr r r

 
  being the dependent variable.  

Note that A, B and C are determined based on the theoretical solution of σr (r = rc) solved according 

to Fig. 7-4, i.e. with given conditions for the projectile and the target, the values of A, B and C can be 

calculated analytically. For instance, we can take the 7.62 mm projectile and the following concrete 

properties as the initial inputs:  rc = d /2 = 3.81 mm, σts = 13.5 MPa, E = 46.8 GPa, ρ = 2500 kg/m3, 

then the parameters in Eq. 7-42 can be determined and the results are plotted in Table 7-1.  

 

Table 7-1 Parameters A, B and C in an example 

σcs (MPa) 
Elastic-cracked-comminuted response Elastic-comminuted response 

A B C A B C 

105 11.83 1.05 4.07 15.48 0.35 2.91 

120 10.42 1.26 4.02 14.50 0.58 2.55 

135 8.89 2.02 3.49 12.61 0.83 2.46 

150 8.16 1.86 3.52 11.26 1.32 2.20 

165 7.17 3.39 2.30 9.92 1.10 2.35 

 

As described in Section 7.3, the UHPFRC target has different responses depending on the cavity 

expansion velocity cr . Consequently, A, B and C also have different values under the elastic-cracked-

comminuted or the elastic-comminuted responses, depending on the impact velocity and the shape of 

the projectile head (see Eq. 7-36 for the relationship between the impact velocity and the cavity 

expansion velocity). In general, the elastic-comminuted mode yields a higher A than the elastic-

cracked-comminuted mode (see Table 7-1), which agrees with the trend in (Forrestal and Tzou, 1997; 

Kong et al., 2016c). Moreover, it is noteworthy that an extremely high impact velocity is usually 

required to invoke the elastic-comminuted response in UHPFRC. For example, in the case of the 135 

MPa target against the 7.62 mm × 51 AP projectile, the critical expansion velocity tr  is around 402 m/s 

and the corresponding critical impact velocity is more than 1400 m/s.  

Combination of Eqs. 7-36, 7-41 and 7-42 provides the axial force at the tunneling stage: 

,
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     for x > kd                                                       (7-43) 

where NI and NII are the shape coefficients of the projectile head, and their expressions are given below 

(see Fig. 7-5) (Feng et al., 2015; Kong et al., 2017): 

 

 
Fig. 7-5 Schematic of an arbitrary projectile (Feng et al., 2015) 
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For an ogive-head projectile, the coefficients are (Forrestal and Tzou, 1997):  
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where ψ is the caliber-radius-head (CRH) of the projectile. 

For a conical-head projectile (Kong et al., 2017):  
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where ψ is the ratio between the projectile head length h and the diameter d. 

For a blunt-head projectile (Kong et al., 2017):  
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where ψ is the ratio between the sphere radius and the projectile diameter. 

For a flat-head projectile, NI = NII = 1. 

The continuous condition of the axial force at the end of the cratering stage, i.e. the beginning 

of the tunneling stage, requires F1 (t = t1) = F2 (t = t1). Together with the boundary condition x (t = t1) 

= kd, V (t = t1) = V1, one obtains the initial penetration velocity at the tunneling stage V1: 
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                                                            (7-48) 

Furthermore, substituting Eq. 7-43 into Eq. 7-37 yields  
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Integrating Eq. 7-49 and considering x (t = t1) = kd, V (t = t1) = V1 with V1 solved by Eq. 7-48 provide 

the relationship between x and V. Letting V = 0 leads to the finial DOP of the projectile (Forrestal and 

Tzou, 1997): 
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where 
2

2
I

II

M
D

d CN 
 ,  

2
4

II I II I
D BN ACN BN  . 

 

7.4.2 Model validation 

The UHPFRC penetration test data in (Yu et al., 2016; Zhang et al., 2005) and Chapter 6 are 

taken to validate the proposed DOP predictive model for single-layered UHPFRC. The quasi-static 

solution of the proposed model without considering the rate effect (determined by setting cr  = 0 and 

DIFs = 0 in the equations in Section 7.3) and the calculated DOP from the following predicting 

formulae are also presented and compared. The listed ACE, modified NDRC and UKAEA formulae 

are recommended by the US Army manual, the Air force manual and the British Army manual, 

respectively, for evaluating the DOP in concrete (Li et al., 2006). 

 ACE formula (Li et al., 2006): 
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 Modified NDRC formula  (Li et al., 2006): 
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where N* is the nose shape factor, N* = 0.72, 0.84, 1.0 and 1.14 for flat, blunt, spherical and sharp 

heads, respectively.   

 UKAEA formula  (Li et al., 2006): 

 
0.5

0.275 0.0756 n

DOP
G

d
                 for Gn ≤ 0.0726                                                              (7-53a) 

 
0.5

4 0.242n

DOP
G

d
                            for 0.0726 < Gn < 1.0605                                              (7-53b) 

1n

DOP
G

d
                                          for Gn ≥ 1.065                                                                (7-53c) 



 

128 

 

 

 Chapter 7 High-velocity impact: theoretical model 

where Gn is the same as that given in the modified NDRC formula, viz. Eq. 7-52a.   

 Forrestal semi-empirical formula (Forrestal et al., 1994; Frew et al., 1998): 
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 Li-Chen formula (Li et al., 2006; Li and Chen, 2003): 
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    for an ogive-head projectile                                                                                (7-55d) 

 

(1) 135 MPa UHPFRC target  

The penetration test in (Yu, 2015) is chosen as an example to validate the proposed DOP 

predictive model. The UHPFRC with hybrid fibers is impacted by the 7.62 mm × 51 AP projectile at 

a velocity around 830 m/s (Yu, 2015). This impact velocity leads to a cavity expansion velocity around 

230 m/s, which is smaller than the critical expansion velocity tr  of approximately 402 m/s. Therefore, 

the target has the elastic-cracked-comminuted response mode in this example. The input parameters 

are given in Table 7-2, in which the elastic modulus is calculated by 
0.36

,= 8010 c sE   (in MPa) (Alsalman 

et al., 2017). Based on Eq. 7-3, m = 8.37 can be obtained. More parameters related to the projectile 

can be found in (Holmen et al., 2017). From the quasi-static response of the cavity expansion model, 

A = 8.89 is obtained. The curve-fitting procedure for obtaining parameters B and C is shown in Fig. 

7-6, and B = 2.02, C = 3.49 are determined. 

 

Table 7-2 Model inputs for the 135 MPa target 

Compressive strength σc,s (MPa) Tensile strength  σt,s (MPa) Elastic modulus E (GPa) Density ρ (kg/m3) 

135 13.5 46.8 2500 

Projectile diameter d (mm) Projectile mass M (g) Projectile CRH ψ  

7.62 10.5 5.0  

 

The predicted DOP by the proposed model with the above inputs is illustrated in Fig. 7-7. It can 

be observed that the proposed model successfully predicts the DOP in the 135 MPa UHPFRC target, 

while the static solution results in the underestimation of the impact resistance, indicating the necessity 

of incorporating the rate effect in the predictive model. To be more precise, the experimentally 
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determined DOP at 827.2 m/s and 832.6 m/s are around 57 mm and 60 mm, respectively, which are 

about 3% lower and 1% higher than the predicted DOP. The static solutions are approximately 30% 

and 25% higher than the experimental DOP, indicating the necessity of considering the rate effect on 

the resistant pressure.  

 

 
 

Fig. 7-6 Procedure to obtain B and C 

 

With regards to the empirical formulae, the UKAEA formula provides results close to those of 

the proposed model and the errors are around 8% and 12%. Additionally, the ACE formula also gives 

acceptable predictions with errors smaller than 17%, whereas the other formulae fail to make 

appropriate estimations. Both the Forrestal formula and the Li-Chen formula underestimate the 

penetration resistance of the target, i.e. the given DOP are more than 60% higher than the experimental 

data. This may be attributed to the empirical constants S given by Eqs. 7-54c and 7-55c, as they are 

obtained by fitting the experimental data of concrete targets with relatively low strengths than 

UHPFRC (Forrestal et al., 1996, 1994; Frew et al., 1998). On the contrary, the modified NDRC 

formula clearly falls beneath the experimental results, indicating overestimations of the UHPFRC 

resistance.   

 
Fig. 7-7 Model validation of the 135 MPa UHPFRC 
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(2) 151 MPa UHPFRC target  

To further validate the model, the experimental data of 151 MPa UHPFRC targets impacted by 

a 12.6 mm projectile at velocities between 635 ~ 685 m/s (Zhang et al., 2005) are compared with the 

predicted results, as shown in Fig. 7-8. The critical expansion velocity tr  is about 391 m/s, i.e. the 

critical impact velocity to invoke the elastic-comminuted response is approximately 1200 m/s. Hence, 

the response of the UHPFRC target is again the elastic-cracked-comminuted mode. The relevant input 

parameters are given in Table 7-3, and m = 6.61 is calculated according to σc,s. The coefficients in Eq. 

7-42 are determined as A = 8.17, B = 0.83 and C = 4.30 by applying the same curve-fitting process. 

 

Table 7-3 Model inputs for the 151 MPa target 

Compressive strength σc,s (MPa) Tensile strength  σt,s (MPa) Elastic modulus E (GPa) Density ρ (kg/m3) 

150.9 13.0 48.8 2500 

Projectile diameter d (mm) Projectile mass M (g) Projectile CRH ψ  

12.6 15.0 2.5  

 

In Fig. 7-8, a good agreement can be observed between the experimental DOP and the predicted 

ones by the proposed model. The errors are in the range of 0.1% ~ 5%, except for one data at 634.2 

m/s (the error is 16%), which may be attributed to the scatter of the test data. The static DOP reveals 

that ignoring the rate effect of the UHPFRC target leads to a smaller penetration resistance and 

therefore the overestimation of the DOP. It is noteworthy that this overestimation is smaller than that 

in the previous example as the penetration velocity in this example is lower, i.e. the influences of the 

concrete rate sensitivity are less obvious.  

Furthermore, when the penetration velocity is smaller than around 800 m/s, the UKAEA formula 

gives a prediction similar to that of the NDRC formula, while it is getting close to the proposed model 

at higher velocities. The modified NDRC model presents a reasonable estimate in this example in 

contrast to the underestimation in the previous 135 MPa example. In addition, DOP given by the ACE 

formula are approximately 22% ~ 25% smaller than the test results, suggesting the instability of this 

formulae when used for UHPFRC targets. As with the Forrestal formula and the Li-Chen formula, 

they fail again to achieve accurate results by overestimating the DOP.   

 

 
Fig. 7-8 Model validation of the 151 MPa UHPFRC 
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(3) 161 MPa UHPFRC target  

DOP of the U16a1s(90) UHPFRC target in Chapter 6, with the compressive strength of around 

161 MPa,  is further used for the model validation. The relevant input parameters are given in Table 

7-4. Similarly, the target shows an elastic-cracked-comminuted response mode, and m = 5.48, A = 

7.70, B = 3.96 and C = 1.60 are obtained. 

 

Table 7-4 Model inputs for the 161 MPa target 

Compressive strength σc,s (MPa) Tensile strength  σt,s (MPa) Elastic modulus E (GPa) Density ρ (kg/m3) 

161.3 14.6 49.9 2500 

Projectile diameter d (mm) Projectile mass M (g) Projectile CRH ψ  

7.62 10.5 5.0  

 

Fig 7-9 illustrates the comparisons of the experimental DOP and the predicted ones, exhibiting 

accurate predictions of the proposed model. To specify, the differences are about 1% and 2%, 

respectively, for the 840.7 m/s and 847.3 m/s penetration cases. Regarding to the empirical formulae, 

the UKAEA formula gives acceptable predictions, and the corresponding errors are approximately 8% 

and 7%. The ACE formula gives larger errors, which are around 16% and 15% for the 840.7 m/s and 

847.3 m/s cases, respectively. The modified NDRC significantly underestimates the DOP, while the 

Forrestal formula and the Li-Chen formula again overestimate the DOP. 

 
Fig. 7-9 Model validation of the 161 MPa UHPFRC 

 

7.4.3 Parameter discussion 

Section 7.4.2 confirms the reliability of the proposed model for the single-layered UHPFRC, in 

this section the model is applied to analyze the influences of the concrete strength and the reduction 

factor. The experiment of the 135 MPa UHPFRC in Section 7.4.2 is taken as a basis, and the elastic-

cracked-comminuted response mode is considered in the following discussions.  

 

(1) Influence of target compressive strength  

To investigate the effects of the compressive strength σc,s, this study chooses various concrete 

strengths namely 75 MPa, 105 MPa, 135 MPa, and 165 MPa as inputs for the proposed DOP predictive 

model. The effects of σc,s on the cracked and the comminuted regions are plotted in Fig. 7-10. It is 
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found that the radius of the cracked region rcr in the UHPFRC target increases with the decrease of the 

penetration velocity V (Fig. 7-10a). In contrast, the radius of the comminuted region rp, which suggests 

the area of the comminuted region, generally tends to decrease with the reduction of V at dynamic 

conditions. An exception exists at the ballistic end V = 0, which corresponds to the quasi-static 

expansion  cr  = 0. A larger rp is observed when the projectile velocity approaches zero (Fig. 7-10b). 

This trend is theoretically reasonable because the static resistance is smaller than its dynamic 

counterpart, attributing to a larger comminuted area at  cr  = 0. Moreover, the difference between rcr 

and rp, viz. rcr - rp, can be used as an indicator to show the area of the cracked region; and it first 

increases gradually to a peak and then decreases with the reducing projectile velocity (Fig. 7-10c).  

 

 
(a) rcr                                                                              (b) rp 

 
(c) rcr - rp 

Fig. 7-10 Influence of compressive strength σc,s on response radius 

 

In addition, the influences of σc,s on the distributions of the response zones are also exhibited in 

Fig. 7-10. Firstly, the area of the comminuted region (shown by rp) is smaller in the concrete target 

with a higher σc,s . Secondly, the cracked region (shown by rcr - rp) increases with the increase of σc,s, 

reflecting the increasing brittleness of the higher strength concrete. Thirdly, σc,s barely affects the total 

cracking area in the target (rcr curves are overlapped in Fig. 7-10a), agreeing with the experimental 

observation that target cracking is more affected by the fiber amount than the concrete strength 
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(Almusallam et al., 2013). Furthermore, the critical expansion velocity  tr  for the target transferring 

from the comminuted-cracked-elastic response to the comminuted-elastic one increases with the 

increase of σc,s, while the corresponding radius of the comminuted region at the moment of 

transformation rt decreases (see Fig. 7-11). 

 
Fig. 7-11 Influence of compressive strength σc,s on response transformation 

 

Fig. 7-12 illustrates the DOP in the concrete targets with different σc,s . As observed, DOP 

decreases with the increase of σc,s. However, this decrease is not linear and it becomes very limited 

when σc,s reaches a threshold, in this example the value is around 105 MPa. For instance, the DOP 

reduction at 600 m/s is around 7% when σc,s increases from 75 MPa to 105 MPa, while it is about 3% 

when σc,s is improved from 135 MPa to 165 MPa. This trend is also observed in some ballistic 

experiments in previous studies, suggesting that the DOP no longer decreases prominently when the 

target strength is larger than a certain value, e.g. approximately 90 MPa in (H. Wu et al., 2015a) or 

100 MPa in (Zhang et al., 2005). Additionally, the decrease of DOP caused by the increasing σc,s  is 

more obvious at a higher penetration velocity. This can be seen by comparing the slopes of the DOP 

curves at 600 m/s and 900 m/s in Fig. 7-12b. The 900 m/s curve has a larger slope than its 600 m/s 

counterpart, indicating that increasing σc,s has more prominent effects on the DOP when it is under a 

relatively high-velocity penetration. 

 

   
(a) DOP versus penetration velocity              (b) DOP versus compressive strength 

Fig. 7-12 Influence of compressive strength σc,s on DOP 

𝑟𝑡  
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(2) Influence of target tensile strength  

The effects of the concrete tensile strength are analyzed with σt,s = 7.5 MPa, 10.5 MPa, 13.5 

MPa and 16.5 MPa. Fig. 7-13 show the changes of rcr, rp and rcr - rp with σt,s and V. Similarly, rcr 

increases with the decreasing V. On the other hand, rp first decreases and then increases significantly 

after V drops to a turning point near the ballistic end; whereas rcr - rp first increases to the peak, after 

which it reduces remarkably. The turning points in Figs. 7-13b and 7-13c indicate that there exists a 

projectile velocity around 200 m/s at which the target has a minimum comminuted region and a 

maximum cracked region.  

 

 
(a) rcr                                                                                                                         (b) rp 

 
(c) rcr - rp 

Fig. 7-13 Influence of tensile strength σt,s on response radius 

 

In contrast to the effects of σc,s, σt,s has obvious influences on the total damage area rcr but very 

limited effects on the comminuted region rp (see Figs. 7-13a and 7-13b). In addition, increasing σt,s 

significantly reduces the area of the cracked region rcr - rp, and the reduction is more evident at a 

smaller projectile velocity (see Fig. 7-13c). Moreover, as shown in Fig. 7-14, the critical transforming 

radius rt seems not sensitive to the change of σt,s, whereas the critical cavity expansion velocity  tr  

decreases with the increasing σt,s. Consequently, the target with a higher σt,s transfers from the 
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comminuted-cracked-elastic response into the comminuted-elastic one at a lower velocity, and the 

corresponding radius of the comminuted region at the moment of the transfer is more dependent on 

the target compressive strength than on its tensile strength. 

 

 
Fig. 7-14 Influence of tensile strength σt,s on response transformation 

 

The DOP of the targets with different σt,s at different penetration velocities are given in Fig. 7-

15. Insignificant reduction of DOP is observed with the increase of σt,s, suggesting that improving the 

target tensile strength, e.g. by adding fibers, is not an efficient approach to reduce the DOP in concrete 

target. This trend coincides with the experimental finding that increasing the fiber amount in UHPFRC 

has very limited contribution to the DOP although it has prominent effects on controlling the cracked 

area in the target surface (Almusallam et al., 2013). Furthermore, taking into consideration of both 

Figs. 7-13c and 7-15, it is further deduced that the proposed DOP predictive model may be able to 

reflect the effects of fibers on the UHPFRC resistance via σt,s, as the fibers contribute to reducing the 

cracked area (increasing σt,s results in a smaller rcr - rp in Fig. 7-13c) but have limited effects on the 

DOP (DOP is almost insensitive to σt,s in Fig. 7-15). This may be done by establishing the relationship 

between the fiber amount and the target tensile strength, and incorporating it into the dynamic cavity 

expansion model. However, the confirmation of this point and the exact relationship between the fiber 

amount and the DOP require more studies and will be of interest in the further research. 

 

  
(a)  DOP versus penetration velocity                     (b) DOP versus tensile strength 

Fig. 7-15 Influence of tensile strength σt,s on DOP 
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(3) Influence of the reduction factor 

The reduction factor ξ is used to correct the strength overestimation of the target due to the 

“artificial” rate effect given in CEB-FIP Model Code 2010, and its effects are analyzed to evaluate the 

correctness of introducing this factor. As shown in Fig. 7-16, B increases remarkably with the increase 

of ξ while C experienced an insignificant drop. The prominent increase of B with a small growth of ξ 

shows its sensitivity, which demonstrates the importance of choosing the reduction factor 

appropriately. Moreover, the dependence of B on ξ is in accordance with its physical meaning, i.e. B 

is the dominate parameter reflecting the rate effect (Feng et al., 2015). The improvement of B, 

therefore, presents the enhanced rate effect on the resistant pressure with an increasing ξ.  

 

 
Fig. 7-16 Influence of the reduction factor ξ  

 

The calculated DOP with different ξ are plotted in Table 7-5. The calculated DOP is observed 

to decrease with the increase of ξ. This trend is reasonable because with a smaller ξ, the theoretical 

resistant pressure on the projectile ξσr (r = rc) is also smaller, which consequently attributes to a larger 

DOP in the UHPFRC targets. When ξ = 0.30, the rate effect is over-reduced that the dynamic resistance 

is underestimated. Consequently, the predicted DOP are 11.9% and 7.3% higher than the experimental 

data at 827.2 m/s and 832.6 m/s, respectively. On the other hand, inaccurate DOP is obtained with an 

error larger than 15% when ξ ≥ 0.425. It can be inferred that the calculated dynamic resistance would 

be far beyond the actual value, i.e. the DOP would be significantly underestimated, if the rate effect is 

fully accounted for according to Eqs. 7-4 and 7-5 (with ξ = 1). The trend in Table 7-5 confirms the 

necessity of introducing an appropriate ξ to reduce the DIFs in CEB-FIP Model Code 2010 to achieve 

reasonable predictions for the UHPFRC targets. The recommended range of ξ is around 0.325 ~ 0.375 

for the UHPFRC targets investigated in this study. 

 

Table 7-5 Influences of the reduction factor on the velocity and DOP 

ξ 
V0 = 827.2 m/s, DOPtest = 57 mm  (Yu, 2015) V0 = 832.6 m/s, DOPtest = 60 mm  (Yu, 2015) 

DOPcal (mm) Error (%) DOPcal (mm) Error (%) 

0.300 63.8 11.9 64.4 7.3 

0.325 61.3 7.5 61.9 3.2 

0.350 58.9 -3.3 59.4 1.0 

0.375 55.6 -2.5 56.1 -6.5 

0.400 52.7 -7.5 53.2 -11.3 

0.425 48.4 -15.1 49.0 -18.3 

0.450 47.9 -16.0 48.4 -19.3 
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7.5 DOP model for multi-layered UHPFRC 

As indicated in Section 7.1, current predictive models are proposed for single-layered target with 

homogeneous properties. In other words, these models cannot reflect the changing properties of a 

multi-layered target. Moreover, the empirical parameters in the previous models are obtained from the 

overall responses of single-layered concrete targets, hence using them for multi-layered targets with 

material properties varying in each layer can lead to inaccurate results. To fill the gap, this section 

further extends the DOP predictive model (in Section 7.4) for multi-layered UHPFRC, and the 

prediction accuracy is validated by the experiments of the layered UHPFRC presented in Chapter 6. 

 

7.5.1 Predictive model for multi-layered UHPFRC 

As illustrated in Fig. 7-17, a UHPFRC target with n layers is under impact; and the projectile 

penetrates through the n-1 layers and stops inside the n layer. The penetration process in this n-layered 

UHPFRC can then be divided into n+1 stages: (1) a cratering stage with a depth of kd, which ends at 

time t1 with a projectile velocity of V1; (2) the 1st tunneling stage in the 1st layer with a depth of H1 (Hi 

is the thickness of the ith layer, i = 1, 2, ..., n-1), which ends at time t2 with a projectile velocity of 

V2;…; (n) the n-1th tunneling stage in the n-1th layer with a depth of H1 + H2 +…+ Hn-1, which ends at 

time tn with a projectile velocity Vn; (n+1) and the nth tunneling stage in the nth layer until the projectile 

stops and the velocity becomes 0.  

 

 
Fig. 7-17 Illustration of penetration process in an n-layered target: Hi is the thickness of the ith layer (i = 1,…,n-1). kd 

is the crater depth. t1 and V1 are the time and projectile velocity at the end of the catering stage, respectively. ti and Vi 

are the time and projectile velocity at the end of the i-1th tunneling stage (i = 2, n+1) , respectively. 

 

The axial force at the cratering stage F1 is the same as Eq. 7-39. The axial force at the 1st and the 

nth tunneling stages are given as F2 and Fn+1: 
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         for kd ≤ x < H1                                     (7-56) 
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     for H1 + …+ Hn-1  ≤ x < DOP             (7-57) 
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where σc,s,n and ρn are the compressive strength and density of the nth layer. Parameters An, Bn and Cn 

are determined based on the theoretical solutions of the cavity expansion model, and they are solved 

according to the material properties of the nth layer.  

The projectile velocity at the beginning of the 1st tunneling stage V1 can be obtained by the 

continuous condition of the axial force at the end of the cratering stage, i.e. F1 (t = t1) = F2 (t = t1) and 

the boundary condition V (t = t1) = V1, x(t = t1) = kd, resulting in: 

 2 2 2
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Combining Eq. 7-56 and Newton’s second law of motion Eq. 7-37 gives:  
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Integrating Eq. 7-59 provides the relationship between x and V in the 1st layer. Then the projectile 

velocity at the end of the 1st tunneling stage V2 can be obtained by considering the initial condition V 

(t = t1) = V1, x (t = t1) = kd and the end condition V (t = t2) = V2, x (t = t2) = H1: 
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With a similar process, the projectile velocity at the end of the n-1th tunneling stage Vn can be obtained 

by solving Eq. 7-61. A positive Vn indicates that the projectile penetrates through the n-1th layer; 

otherwise it stops inside the n-1th layer, and the problem returns to the case of an (n-1)-layered target. 
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The relationship between x and V in the nth layer can be obtained by combining Eq. 7-57 with 

the Newton’s second law of motion, and integrating the result. Letting V = 0 finally leads to the DOP 

in the n-layered UHPFRC: 
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7.5.2 Model validation 

The double- and triple-layered UHPFRC in Chapter 6: U8a1s(45)-16a1s(45) and U16a1s(20)-

8a1s(50)-16a1s(20) are taken to validate the proposed predictive model. The model inputs of the 

U16a1s layer can be found in Table 7-4, while those for the U8a1s layer are given in Table 7-6. 

Similarly, m = 6.18, A = 7.84, B = 3.91 and C = 1.65 are obtained for the U8a1s layer. 

 

Table 7-6 Model inputs for the U8a1s layer 

Compressive strength σc,s (MPa) Tensile strength  σt,s (MPa) Elastic modulus E (GPa) Density ρ (kg/m3) 

154.9 12.3 49.2 2500 

 

The DOP obtained by the experiments in Chapter 6 and the proposed model are compared in 

Table 7-7. In addition, the ACE, modified NDRC and UKAEA formulae (Li et al., 2006) are also 

presented. These empirical formulae are developed for single-layered concrete with homogeneous 

material properties in the whole target. Hence, equivalent material properties are taken as the inputs 

when using these formulae for the layered UHPFRC. For example, the equivalent compressive strength 

of the triple-layered target σc,eq is determined by the composite theory (Xu et al., 2010) as: 

   , , ,1 , ,21 2 3, 1 2 3,3 /c eq c s c s c sHH HH H H                                                                           (7-63) 

 

Table 7-7 Experimental and calculated DOP of layered UHPFRC 

Targets 
Velocity 

(m/s) 

DOP (mm) and error (%) 

Test 
Proposed model 

(error) 

ACE 

(error) 

Modified NDRC 

(error) 

UKAEA 

(error) 

U8a1s(45)-16a1s(45) 

842.6 57.0 
56.4 

(-1%) 

47.0 

(-18%) 

36.4 

(-36%) 

51.0 

(-11%) 

845.0 55.0 
56.6 

(3%) 

47.2 

(-14%) 

36.5 

(-33%) 

51.2 

(-7%) 

U16a1s(20)-8a1s(50)-16a1s(20) 

842.5 54.0 
56.3 

(4%) 

47.0 

(-13%) 

36.4 

(-33%) 

51.0 

(-6%) 

845.2 54.5 
56.6 

(4%) 

47.2 

(-13%) 

36.5 

(-33%) 

51.3 

(-6%) 

 

Table 7-7 shows that the proposed model successfully predicts the DOP in the given layered 

UHPFRC with an accuracy higher than 95%. To be more precise, the averaged errors of U8a1s(45)-

16a1s(45) and U16a1s(20)-8a1s(50)-16a1s(20) are about 2% and 4%, respectively. Compared to the 

98% accuracy for the single-layered UHPFRC U16a1s (see Fig. 7-9), the predictions are slightly less 

accurate for the multi-layered targets. One possible reason leads to this slightly lower accuracy may 
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be that the reduction of the DOP caused by the layer interface is not considered in the model. However, 

with more investigations on the layer interface available, e.g. the thickness, mechanical properties and 

fracture response, the influences of layer interface can then be incorporated and the prediction accuracy 

of the model can be further improved.  

As with the empirical formulae, they tend to underestimate the DOP in the tested UHPFRC 

targets. Although it is not developed for multi-layered targets, the UKAEA formula with the composite 

theory provides results close to the experimentally measured DOP, and the averaged errors are around 

9% and 6% for the U8a1s(45)-16a1s(45) and U16a1s(20)-8a1s(50)-16a1s(20) targets, respectively. 

Nonetheless, despite these acceptable predictions, the UKAEA formula with the composite theory is 

not able to present the effects of the layer’s order, e.g. it yields a same result for U8a1s(45)-16a1s(45) 

and U16a1s(45)-8a1s(45) although the two targets actually have different resistances. On the other 

side, the ACE formula gives less accurate predictions, and the minimum errors for the double- and 

triple-layered UHPFRC are approximately 14% and 13%. The modified NDRC formula also fails to 

make appropriate estimations; and the errors are larger than 30%, indicating significant overestimation 

of the impact resistance of the layered UHPFRC. 

 

7.6 Conclusions 

The present study develops new DOP predictive models for both single- and multi-layered 

UHPFRC based on an improved cavity expansion theory. The nonlinear behavior and the rate 

dependency of the UHPFRC material are accounted in the models. The proposed model provides an 

efficient approach to design UHPFRC protective structures, and hence promotes engineering 

applications of the UHPFRC material in both the civil and military fields. The following conclusions 

are drawn and some directions for further research are also provided: 

(1) The Hoek-Brown criterion is firstly used to describe the strength feature of UHPFRC in the 

comminuted region in the present study, and an empirical equation for the dimensionless parameter m 

is derived. Despite this empirical equation, more investigations on the physical meaning of m would 

help to theoretically determine its value in further studies. 

(2) The inclusion of the rate effect in the dynamic cavity expansion model is essential to obtain a 

sufficient penetration resistance. However, directly using the DIF recommended in the CEB-FIP 

Model Code 2010 would overestimate the dynamic enhancement of the cavity surface stress, and a 

reduction factor is necessary to be adopted. The parameter sensitivity of the reduction factor is 

analyzed in the study, and more accurate predictions would be expected with more investigations on 

the rate effect of UHPFRC under high strain rates. 

(3) Parameter sensitivities are discussed with the DOP predictive model for single-layered 

UHPFRC. A nonlinear reduction of DOP is observed with the improvement of the target compressive 

strength σc,s until it reaches around 105 MPa, higher than which the influences of σc,s on the DOP 

become very limited. Moreover, increasing the target tensile strength σt,s results in the decrease of the 

cracked region area rcr - rp; nevertheless, σt,s has insignificant effects on the DOP, which agrees with 

the experimental observations that increasing the fiber amount in UHPFRC barely contributes to 

reducing its DOP. 

(4) The DOP predictive model for single-layered UHPFRC achieves a reasonable agreement with 

the experimental data, and it provides more accurate estimation than the currently extensively utilized 

predicting formulae. The UKAEA formula can give reasonable predictions, whereas the Forrestal 
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semi-empirical formula and the Li-Chen formula tend to overestimate the DOP in the single-layered 

UHPFRC targets; the accuracies of the ACE formulae and the modified NDRC formulae are unstable 

when applied to UHPFRC.  

(5) The DOP predictive model for multi-layered UHPFRC is able to account for the varying 

mechanical properties and the layers’ order in the layered targets, and it successfully predicts the DOP 

in the layered UHPFRC. On the contrary, the empirical formulae underestimate the DOP in the multi-

layered targets. Compared to the ACE formula and the modified NDRC formula, the UKAEA formula 

with the composite theory provides predictions with a relatively higher accuracy, but it fails to 

distinguish the effects of the layers’ order on the impact resistance. 
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   Chapter 8 High-velocity impact: numerical simulation 

 

Chapter 8 

Modelling the ballistic response of coarse-aggregated 

layered UHPFRC under high-velocity impact * 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* This chapter is partially reproduced from: Y.Y.Y. Cao, Q.L. Yu, H.J.H. Brouwers, Numerical 

investigation on ballistic performance of coarse-aggregated layered UHPFRC (Submitted). 
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Abstract 
Modelling the penetration process in UHPFRC by numerical simulation provides valuable 

information on the dynamic interaction between the projectile and the concrete. This chapter analyses 

the ballistic performances of the single- and tripled-layered UHPFRC with LS-DYNA. The Holmquist 

Johnson Concrete (HJC) model is employed to describe the dynamic behavior of the UHPFRC, and 

the effect of the coarse aggregates is reflected in the pressure-compaction relationship in the model. 

The numerical models are validated by the penetration experiments in Chapter 6, after which the 

penetration process in the UHPFRC is analyzed. Furthermore, the effects of the target thickness on the 

DOP are discussed, which shows the possibility of replacing a thicker single-layered target by a thinner 

triple-layered one to achieve the same level of protection. Finally, the perforation limits of the single- 

and tripled-layered UHPFRC at different impact velocities are estimated and compared with the results 

from the empirical formulae. The simulations reveal that the triple-layered target has a smaller 

perforation limit, and it requires fewer dosages of cement and steel fibers, compared to the single-

layered counterpart with the same level of ballistic protection. 

 

  



 

145 

 

 

   Chapter 8 High-velocity impact: numerical simulation 

8.1 Introduction 

The excellent properties of UHPFRC make it a promising construction material for important 

buildings and infrastructures against ballistic impacts. To construct reliable protective structures, the 

dynamic performances of UHPFRC should be understood. Ballistic experiments of UHPFRC can 

provide direct results; however, the expensive test facilities and the time-consuming test process put 

limits on experimental studies in this field (Liu et al., 2017; Tai, 2009b). Empirical and theoretical 

formulae have been proposed to predict some important ballistic characterizations, e.g. the depth of 

penetration (DOP), perforation limit and residual velocity; nevertheless, these formulae cannot 

reproduce the dynamic stress and the damage distribution in the impacted concrete. On the other hand, 

with the advancement of computer technology, numerical simulations of concrete against ballistic 

impacts become feasible. Numerous commercial software, such as LS-DYNA, ABAQUS and 

AUTODYN, can be utilized to model the response of concrete subjected to ballistic impacts, which 

provides valuable information on the real-time interaction between the projectile and the matrix. 

Modelling the dynamic response of concrete under high-velocity ballistic impacts is challenging 

(Liu et al., 2017). As a result of the rate effect, the behavior of concrete subjected to dynamic load is 

more complicated in comparison to that under static load (Cao et al., 2019b). Furthermore, differing 

with the overall response of a structure exposed to normal dynamic loads, e.g. earthquake and wind, a 

high-velocity projectile usually generates severe local damage in the impacted object, long before the 

entire structure being dynamically exited (Pereira et al., 2018). This further distinguishes the high-

velocity ballistic impact from other dynamic loads commonly considered in structural design. 

Moreover, concrete is practically idealized as a homogeneous material in macroscale simulations to 

improve the calculation efficiency. However, it is actually inhomogeneous and has multiple phases 

(e.g. matrix, aggregates and steel fibers), which makes modelling the constitutive relationship of the 

“homogenized” concrete rather difficult (Li et al., 2006). Consequently, choosing the appropriate 

material models and determining the suitable parameters to reflect the influences of concrete 

compositions, e.g. the coarse aggregate, are of great significance for the success of these macroscale 

simulations. Peng et al. (Peng et al., 2018) modelled the ballistic behaviors of concrete target at both 

mesoscale (with coarse aggregates explicitly presented) and macroscale. Comparing the relative DOP 

in their simulations exhibits that the macroscale model can give results close to that from the mesoscale 

model as long as appropriate material models were applied, especially for the cases where the ratio of 

the aggregate size to the projectile diameter is smaller than 2. This confirms the possibility of applying 

homogenous models to simulate the ballistic performance of concrete at macroscale. 

As with UHPFRC, several studies have been conducted to simulate its ballistic response at 

macroscale. For example, Liu et al. (Liu et al., 2017) used the K&C model in LS-DYNA to simulate 

the impact responses of UHPFRC under projectile impacts from 300 to 1000 m/s. The effects of 

UHPFRC compressive strength, projectile velocity and nose shape on the DOP and cratering damage 

size were investigated in their study. Yu (Yu, 2015) developed a sustainable UHPFRC and modelled 

its ballistic performance using LS-DYNA. The HJC model was employed for the UHPFRC, and it was 

claimed that the obtained numerical simulations agreed well with the experimental results. Sovják et 

al. (Sovják et al., 2015) numerically evaluated the resistance of slim UHPFRC panels against an in-

service projectile. The behavior of the UHPFRC was described by the RHT model in AUTODYN and 

the effect of fibers was incorporated in the model by increasing its fracture energy. It is noteworthy 

that the above numerical studies only concern conventional UHPFRC without coarse aggregates. In 



 

146 

 

 

   Chapter 8 High-velocity impact: numerical simulation 

other words, the influences of coarse aggregates are not addressed in these simulations although 

relevant experiments have shown their remarkable contributions on improving the impact resistance 

of cementitious targets (Dancygier, 2017; Peng et al., 2018, 2016a; Wu et al., 2019).  

Based on the ballistic experiment results in Chapter 6, this chapter further investigates 

numerically the ballistic performances of the coarse-aggregated layered UHPFRC. LS-DYNA is 

employed to execute the numerical simulations, and the effect of the coarse aggregates is reflected in 

the crushing pressure in the HJC model. After validating the model against the experiments, the 

dynamic penetration processes inside the coarse-aggregated layered UHPFRC are analyzed. The 

influences of the target thickness on the DOP are discussed. Furthermore, the perforation limits of the 

single- and tripled-layered UHPFRC targets at different penetration velocities are numerically 

evaluated. The study in this chapter advances the understanding of the ballistic performances of coarse-

aggregated layered UHPFRC, and the simulation results further confirms the advantages of applying 

layered structure to UHPFRC targets. 

 

8.2 Modelling of single- and tripled-layered UHPFRC 

8.2.1 Overview of the model 

Following the ballistic experiments in Chapter 6, the performances of the single-layered targets 

U8a1s(90) and U16a1s(90), and the triple-layered UHPFRC U16a1s(30)-8a1s(30)-16a1s(30) 

subjected to in-service 7.62 mm × 51 AP projectile at velocities of approximately 840 m/s are 

simulated. Three dimensional models of the ogive-nosed projectile and the targets are built in LS-

DYNA, as shown in Fig. 8-1. In order to improve the computation efficiency, only one quarter of the 

test arrangement is modelled. Symmetric boundary conditions are imposed to the models and fixed 

boundary conditions are imposed on the back edge of the UHPFRC targets.  

 

           
(a) single-layered target                                                (b) triple-layered target 

                                                         
 

(c) Illustration of the projectile  (Holmen et al., 2017)     (d) Modeling of the projectile 

Fig. 8-1 Models of the penetration test 
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3D Solid 164 element is used in the simulations. As shown in Fig. 8-1a, the target is divided into 

45 indices in the direction of penetration and 30 indices along its radius. The length of the element 

gradually increases along the target radius, and it is finer in the region where the projectile contacts 

the concrete. The minimum element sizes of the target and the projectile are comparable, i.e. about 1.2 

mm and 1 mm, respectively. The results of mesh convergence study are presented in Fig. 8-2, in which 

the minimum mesh size of the target changes from 1.2 to 2.0 mm. The figure shows that 1.2 mm is 

sufficiently fine and the mesh is therefore adopted in the simulations. For the triple-layered target 

U16a1s(30)-8a1s(30)-16a1s(30), the layer bond is modelled by a thin layer of interfacial elements 

connecting the outer U16a1s layers and the inner U8a1s layer. The compressive strength of the 

interfacial element equals to the compressive strength of the plain UHPC obtained from the mechanical 

tests in Chapter 6, and the measured layer bond strength in Chapter 6 is taken as the tensile strength 

of these interfacial elements.  

 

 
Fig. 8-2 Mesh convergence study  

 

The penetration process is simulated based on the explicit time integration, which is suitable to 

solve dynamic problems such as ballistic impacts (Shaharudin Shah Zaini, 2015; Teng et al., 2008). In 

contrast to the implicit scheme that requires the full formation of the global stiffness matrix and updates 

the matrix at each step, the explicit scheme extrapolates the solution of the next time step, e.g. the 

nodal acceleration, velocity and displacement, based on the quantities at the current time step (Othman, 

2016). Consequently, the explicit scheme is more computational efficient as the formation of the global 

stiffness matrix is not required (Shaharudin Shah Zaini, 2015; Teng et al., 2008). To achieve the 

stability of the solution, a sufficiently small time step is necessary in the explicit time integration 

(Shaharudin Shah Zaini, 2015), therefore, a scale factor of 0.67 for the computed time step is applied 

in the impact simulations in this chapter (LSTC, 2015a).  

  

8.2.2 Material models 

The penetration velocities V0 in the experiments are around 840 m/s, which falls within the range 

of non-deformable (rigid) penetration (V0 ≤ 1000 m/s) (Liu et al., 2017). Therefore, the deformation 

of the projectile is neglected in the simulation, and it is modeled as a rigid body using the material 

model *MAT_RIGID (MAT_020) in LS-DYNA. The input parameters for the projectile are listed in 
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Table 8-1.The contact between the projectile and UHPFRC is modelled by the keyword 

‘‘CONTACT_ERODING_SURFACE_TO_SURFACE”. 

 

Table 8-1 Rigid model inputs for the projectile 

Parameters Projectile 

Density ρ (kg/m3) 7850 

Elastic modulus E (GPa) 206 

Poisson’s ratio 0.3 

 

The HJC constitutive model *MAT_JOHNSON_HOLMQUIST_CONCRETE (MAT_111) is 

adopted for the UHPFRC and the layer interface. This model is suitable to describe the response of 

cementitious materials subjected to high strain rates, large deformations, and high hydrostatic 

pressures (LSTC, 2016, 2015b), and it has been widely employed to model the ballistic performance 

of concrete (Peng et al., 2018; Wu et al., 2019; Yu, 2015). In the HJC model, the yield surface is 

dependent on the pressure P, strain rate  , and damage D (see Fig. 8-3) (LSTC, 2016): 

   * * *

c 1 1 lncN

c c cA D B P C                                                                                                 (8-1) 

where σ* is the normalized equivalent stress, and it equals to the ratio of the actual equivalent stress σ 

to the static compressive strength σc,s. P
* is the normalized pressure defined as the ratio of the pressure 

P to σc,s. The dimensionless strain rate is *

0=    (  and 
0  = 1.0 s−1 are the actual and reference stain 

rates, respectively). Ac, Bc, Cc and Nc are input parameters. 

 

 
Fig. 8-3 Yield surface (Ren et al., 2017) 

 

The damage D is accumulated as a function of the equivalent plastic strain εp, plastic volumetric 

strain μp,  and the total plastic strain until fracture εp
f +μp

f , as illustrated in Fig. 8-4 (Ren et al., 2017): 
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p D P FMT E IN                                                                                              (8-3) 

where D1 and D2 are the damage parameters. T* = T/σc,s is the normalized maximum tensile hydrostatic 

pressure and T is the maximum tensile hydrostatic pressure. EFMIN is the amount of plastic strain 

before fracture (LSTC, 2015b; Ren et al., 2017).  

   * * *
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Fig. 8-4 Damage accumulation (Ren et al., 2017) 

 

Fig. 8-5 depicts the pressure-compaction relationship of the material, i.e. the relationship 

between P and the volumetric strain μv. The curve can be separated into three response phases: 

 

 
Fig. 8-5 Equation of state (Ren et al., 2017) 

 

 The first phase is linear elastic until the crushing pressure Pcrush and the corresponding 

volumetric strain μcrush are reached (Ren et al., 2017):  

crush

crush
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                                                                                                                                       (8-4) 

 The second phase corresponds to the transitional region, during which the voids in the material 

are gradually compressed (Ren et al., 2017): 
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where Plock and μlock are the compaction limit and the locking volumetric strain, respectively. 

 The third phase describes the response of the fully densified material (Ren et al., 2017): 

2 3

1 2 3P K K K                                                                                                                               (8-6) 

1

v lock

lock

 








                                                                                                                                    (8-7) 

where K1, K2 and K3 are material parameters,   is the modified volumetric strain. 
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The input parameters for the HJC model are listed in Table 8-2. The density ρ, uniaxial 

compressive strength σc,s and the maximum tensile pressure T of the U8a1s and U16a1s mixtures are 

obtained from the experiments in Chapter 6. The ρ and σc,s of the plain UHPC U8a are used for the 

layer interfacial element; and the tensile strength of the interface is assumed to be equal to the bond 

strength between the U8a1s and U16a1s layers (measured in Chapter 6). The input shear modulus in 

Table 8-2 is determined by G = E/2(1+v) with E the Young’s modulus and v the Poisson’s ratio. 

 

Table 8-2 HJC model inputs in LS-DYNA for the simulated UHPFRC 

parameters 
UHPFRC 

Layer interface 
U8a1s U16a1s 

Density ρ (kg/m3) 2540 2550 2540 

Shear modulus G (GPa) 22.5 24.5 25.0 

Normalized cohesive strength Ac 0.79 0.79 0.79 

Normalized pressure hardening Bc 1.6 1.6 1.6 

Strain rate coefficient Cc 0.007 0.007 0.007 

Pressure hardening exponent Nc 0.61 0.61 0.61 

Uniaxial compressive strength σc,s (MPa) 154.9 161.3 149.6 

Maximum tensile pressure T (MPa) 12.3 14.6 7.0 

Reference stain rate EPS0 1.0 1.0 1.0 

Plastic strain before fracture EFMIN 0.01 0.01 0.01 

Normalized maximum strength SFMAX 7.0 7.0 7.0 

Crushing pressure Pcrush (MPa) 51.6 134.4 49.9 

Crushing volumetric strain μcrush 0.00172 0.00165 0.001497 

Locking pressure Plock (GPa) 1.0 1.0 1.0 

Locking volumetric strain μlock 0.1 0.1 0.1 

Damage constant D1 0.04 0.04 0.04 

Damage constant D2 1.0 1.0 1.0 

Pressure constant K1 (GPa) 85 85 850 

Pressure constant K2 (GPa) -171 -171 -1710 

Pressure constant K3 (GPa) 208 208 2080 

 

The strength parameters Ac, Bc, Nc, SFMAX can be determined by triaxial compressive tests (Ren 

et al., 2017). The test data in the literature (Farnam et al., 2010; Ren et al., 2016; Sovják et al., 2013b; 

Xie et al., 1995) concerning concrete from 92 ~ 171 MPa are given in Fig. 8-6, in which the normalized 

equivalent stress is σ* = (σ1 – σ3) / σc,s and the normalized pressure is P* = (σ1 + 2σ3) / 3σc,s (Ren et al., 

2017) (σ1 and σ3 are the major and minor principal stresses, respectively). As presented in the figure 

(see the dots in Fig. 8-6), the different concrete strength does not cause significant deviations on the 

relationship between σ* and P*. Therefore, it is assumed that the developed UHPFRC in this study also 

possesses a similar P*-σ* relation. The solid curve in Fig. 8-6 is obtained from Eq. 8-1 with Ac = 0.79, 

Bc = 1.6, Nc = 0.61 and SFMAX = 7,  which are the default values in the original HJC model (Ren et 

al., 2017), at a static strain rate   = 1.0 s−1 and without considering damage. A fair agreement is 

observed between the experimental data (Farnam et al., 2010; Ren et al., 2016; Sovják et al., 2013b; 

Xie et al., 1995) and Eq. 8-1 with the default parameters. That being the case, these values are further 

used in the HJC model in the present study (see Table 8-2). Similarly, the strain rate parameter Cc, 

EPS0, and the damage parameters D1, D2, EFMIN also remain the same as the default values in the 

original HJC model  (Ren et al., 2017). These values are widely used for concrete with strengths from 

12 to 200 MPa (Lai et al., 2015; Peng et al., 2018; Ren et al., 2017; Xu and Wen, 2016), and the 

UHPFRC developed in the present study also falls within this range.  
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Fig. 8-6 Determination of strength parameters 

 

Regarding the equation of state (EOS) parameters, for the layer interface and the U8a1s mixture, 

the crushing pressure Pcrush and corresponding volumetric strain μcrush are determined by Pcrush = σc,s /3 

and μcrush = Pcrush / K, in which the bulk modulus K = E/3(1-2v) (Ren et al., 2017). On the other side, 

for the U16a1s mixture, the crushing limit and the stiffness of the material are manually enhanced to 

represent the influences of the large coarse aggregates. According to Chapter 6, the contributions of 

the coarse aggregate on improving the ballistic resistance of concrete can be mainly attributed to the 

following reasons: (1) the stronger coarse aggregates can act as barriers to cracking, as the cracks are 

driven to cut through the aggregates due to the high stress rate in the case of penetration; (2) the higher 

hardness of the coarse aggregates can increase the abrasion of the projectile, increasing its kinetic 

energy loss; (3) the direction of the projectile may be changed after it hits the coarse aggregate, which 

further promotes the energy consumption of the projectile. Although the third effect of the coarse 

aggregates, i.e. due to material heterogeneousness, cannot be reflected in a macroscale model, it is 

possible to represent the first two effects, i.e. the improved material strength and hardness provided by 

the coarse aggregates, by increasing the crushing limit and the stiffness of the material. An enhancing 

factor of 2.5 is applied to the crushing pressure Pcrush of U16a1s, which is calibrated by the DOP of 

the U16a1s target from the ballistic tests in Chapter 6 (see Fig. 8-7). Furthermore, the erosion 

algorithm *MAT_ADD_EROSION is applied to remove the elements with large distortions during 

the penetration process. The maximum principal strain εmax of 0.5 and the failure volumetric strain εvol 

of 0.01 are adopted as the erosion criteria, i.e. the element will be removed if εmax or εvol reaches the 

corresponding critical values. 

 

 
Fig. 8-7 Calibration of the enhancing factor 
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8.3 Model validation 

The DOP obtained from the numerical simulations and the experiments are compared in Table 

8-3. As shown in the table, the simulation results coincide well with the experimental data, i.e. the 

errors are less than 0.5% for both the single- and triple-layered UHPFRC targets. Furthermore, the 

penetration reductions caused by the 16 mm aggregates and the layered-structure are also successfully 

captured by the model, showing the reliability of the HJC material model and the corresponding inputs. 

 

Table 8-3 comparison of depth of penetration 

UHPFRC targets Velocity (m/s) 
DOP (mm) 

Error (%) 
Experiment Simulation 

U8a1s (90) 841.9 60.0 60.2  0.3 

U16a1s (90) 840.7 55.0 54.8 -0.4 

U16a1s(30)-8a1s(30)-16a1s(30) 839.3 52.5 52.6  0.2 

 

In addition to the DOP, the damage distribution is also compared. The effective strain 

distribution in the impact surface of the UHPFRC is utilized to denote the crater damage of the target, 

and the comparisons between the experimental and the numerical results are shown in Fig. 8-8. In 

general, the numerical simulations are able to reproduce the major damage distribution in the targets, 

but it slightly underestimates the size of the impact crater in the UHPFRC and fails to reproduce the 

hairline cracking on the target surfaces. This can be attributed to the fact that the HJC model uses an 

elastic-perfectly-plastic yield surface for the tensile response of the material (see Fig. 8-5), making it 

less sensitive to the tension-dominated damage (Kong et al., 2016a). Nonetheless, the difference 

between the numerical and experimental crater size is less than 5%, and the hairline cracks in the 

targets are also not so severe that it is acceptable to not present them explicitly in the simulations. 

Additionally, comparing Figs. 8-8a and 8-8b depicts that the reduced damage region due to the larger 

aggregates is also successfully presented by the simulations. As demonstrated in the figures, the crater 

size of U16a1s(90) and its destruction level (represented by the color fringe) are more moderate 

compared to those of U8a1s(90), which is in line with the experimental results. In summary, with 

regards to both the DOP and the crater size, fair agreements are achieved by the numerical model and 

it is hence utilized for the further analysis.  

 

  
(a) U8a1s(90) 

 

70 mm 

Deq = 70 mm 
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(b) U16a1s(90) 

 

  
(c) U16a1s(30)-8a1s(30)-16a1s(30) 

Fig. 8-8 Comparison of crater damage 

 

8.4 Penetration analysis 

8.4.1 Penetration history  

Fig. 8-9 shows the displacement and velocity histories of the projectiles during the penetration 

process. The projectiles in U8a1s(90), U16a1s(90) and U16a1s(30)-8a1s(30)-16a1s(30) have 

comparable displacements at the early penetration stage (0-40 μs after impact) because of their similar 

initial velocities around 840 m/s. However, with the development of the penetration process, the effects 

of the three targets on the projectile become increasingly obvious. Among the three targets, 

U16a1s(30)-8a1s(30)-16a1s3(30) most effectively reduces the projectile velocity, leading to the 

smallest projectile displacement in the target, i.e. the simulated DOP. Moreover, the declining rate of 

the projectile velocity is influenced by the layer interface in U16a1s(30)-8a1s(30)-16a1s(30). 

Differing with the straight velocity curves of the single-layered targets, the velocity curve of the triple-

layered UHPFRC bends when the projectile reaches the layer interface at around 42 μs after impact. 

This may be attributed to the fact that the layer interface influences the wave propagation and reflection 

between the layers, affecting the force on the projectile and therefore its velocity. As with the single-

layered UHPFRC, the projectile in U16a1s(90) yields a smaller velocity compared to that in U8a1s(90) 

at the same penetrating moment. The DOP in the U16a1s(90) target is, consequently, smaller. This 

60 mm 

68 mm 

Deq = 63 mm 

Deq = 68 mm 



 

154 

 

 

   Chapter 8 High-velocity impact: numerical simulation 

result also indicates that increasing the crushing pressure in the HJC model can efficiently reflect the 

increased material strength and hardness provided by the coarse aggregates, and therefore the 

improvement of the target resistance attributed to the coarse aggregates. 

 

 
(a) Displacement history                                            (b) Velocity history 

Fig. 8-9 Penetration history of the projectile (impact starts at t =3 μs) 

 

8.4.2 Penetration process 

The penetration process in the UHPFRC is presented by the pressure development in Figs. 8-10 

and 8-11. The U16a1s(90) and U16a1s(30)-8a1s(30)-16a1s(30) targets are taken as examples of the 

single- and triple-layered UHPFRC, respectively. As exhibited in Fig. 8-10, pressure is invoked in the 

U16a1s(90) target at the moment the projectile reaches the impacted surface. With the further 

penetrating of the projectile, the pressure develops inwards and it is localized in a region surrounding 

the head of the projectile (e.g. the pressure distribution at 35 μs). The affected region has an 

approximate spherical shape, showing that the spherical cavity expansion hypothesis in Chapter 7 is 

valid. The contact area between the concrete and the projectile experiences the highest pressure, as 

shown by the red fringe level in the figures. The pressure decreases gradually outwards in the spherical 

region (presented by the green fringe level), and the remote area in the target is not significantly 

influenced (indicated by the dark blue fringe level in the figures). The elements near the impacted 

surface are removed with the projectile penetrating inwards the UHPFRC, which forms the impact 

crater in the target. The velocity of the projectile becomes very small after 100 μs and the pressure 

distribution around the projectile remains almost unchanged. The velocity of the projectile finally 

drops to zero at approximately 135 μs.  

The simulation of the triple-layered UHPFRC shows that the pressure distribution is affected by 

the layer interface when the stress wave reaches it, as can be observed by comparing the light blue 

fringe level in Figs. 8-10b and 8-11b. Furthermore, when the projectile leaves the first layer and enters 

the second one, e.g. at 63 μs (Fig. 8-11d), the pressure distribution varies. The distinct pressure 

distribution in the figure also explains the bending velocity curve of U16a1s(30)-8a1s(30)-16a1s(30) 

in Fig. 8-9b. As exhibited in Fig. 8-11d, the influenced region is divided into two spheres by the layer 

interface. This may be attributed to the complicated propagation and reflection of the stress wave near 

the interface, the distinct pressure bearing capacities of the interface and the layer matrix, as well as 

the different confining levels of the two layers. Moreover, the existence of the layer interface in the 

triple-layered UHPFRC can dampen the strength of the impact waves (Chen and Chandra, 2004), 



 

155 

 

 

   Chapter 8 High-velocity impact: numerical simulation 

contributing to the smaller DOP and reduced damage size. In addition, the affected area in the triple-

layered target is larger than that in its single-layered counterpart (see the light blue area in Figs. 8-10 

and 8-11), indicating a higher energy dissipation of the projectile in U16a1s(30)-8a1s(30)-16a1s(30). 

This, therefore, further promotes the enhanced impact resistance of the triple-layered UHPFRC. 

 

    
(a) 3 μs                                                                         (b) 15 μs 

    
(c) 35 μs                                                                       (d) 63 μs 

     
(e) 100 μs                                                                      (f) 135 μs 

Fig. 8-10 Pressure development in U16a1s(90) 

 

 

    
(a) 3 μs                                                                          (b) 15 μs 

Stress wave affected by the layer interface 



 

156 

 

 

   Chapter 8 High-velocity impact: numerical simulation 

     
(c) 35 μs                                                                             (d) 63 μs 

     
(e) 100 μs                                                                        (f) 135 μs 

Fig. 8-11 Pressure development in U16a1s(30)-8a1s(30)-16a1s(30) 

 

8.5 Discussion 

8.5.1 Influence of layer thickness on DOP 

Applying the validated models, the influences of the target thickness on the DOP are discussed. 

As suggested by the experimental and the simulation results, the DOP in the three targets U8a1s(90), 

U16a1s(90) and U16a1s(30)-8a1s(30)-16a1s(30) are less than 60 mm, indicating that the 90 mm 

targets are sufficient to resist the 7.62 mm × 51 AP projectile at around 840 m/s. To achieve a more 

efficient utilization of the targets, their thicknesses can be reduced. Fig. 8-12 shows the DOP in the 

targets with their thickness decreasing from 90 to 60 mm. U8a1s and U16a1s correspond to the series 

of the single-layered UHPFRC targets containing maximum aggregates of 8 mm and 16 mm, 

respectively. U16a1s-8a1s-16a1s represents the series of the triple-layered UHPFRC, and each layer 

has an equal thickness. The initial velocity of the projectile remains identical to that presented in 

Section 8.3, i.e. approximately 840 m/s. It is noteworthy that the DOP in the U16a1s target with a 

thickness of 60 mm is around 60.2 mm. In other words, the tip of the projectile slightly crosses the 

rear surface of the target, as shown in Fig. 8-13. 

Fig. 8-12 reveals that the DOP decreases with the increase of the target thickness, nonetheless, 

the decrease becomes insignificant after the target thickness reaches a critical value. To be more 

specific, an U8a1s target with a thickness of 60 mm is perforated by the projectile, hence no point 

corresponding to this case is shown in Fig. 8-12. However, increasing the thickness from 60 to 67.5 

mm improves the ballistic resistance remarkably, i.e. the projectile is stopped inside the 67.5 mm target 

with a DOP of 63.1 mm. The failure pattern of this target is shown in Fig. 8-14a, in which a major 

crack on the rear surface of the U8a1s target caused by the reflected tensile wave is presented. Further 

increasing the thickness from 67.5 to 75 mm results in a 2.6 mm reduction in DOP, whereas the 

reduction becomes insignificant when the target thickness is further increased to 82.5 mm and 90 mm. 

Nevertheless, the rear surface cracking is effectively prevented in these targets thanks to their increased 

Pressure distribution affected by the layer interface 
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thicknesses (see the failure pattern of the 82.5 mm target in Fig. 8-14b). Similar tendencies can be 

obtained in the cases of the U16a1s and U16a1s-8a1s-16a1s series. Moreover, the critical target 

thickness differs for the three target series: it is around 75 mm for the U8a1s series, while for U16a1s 

the value is around 67.5 mm; as with the triple-layered target, the critical target thickness is smaller 

than 60 mm.  

 

      
Fig. 8-12 Influence of the target thickness            Fig. 8-13 Failure pattern of U16a1s (thickness = 60 mm) 

 

 

       
(a) Thickness = 67.5 mm                                         (b) Thickness = 82.5 mm 

Fig. 8-14 Failure pattern of U8a1s targets with different thicknesses 

 

Additionally, comparing the DOP of the U8a1s and U16a1s series in Fig. 8-12 reveals that the 

larger aggregates play an important role on improving the ballistic resistance, and this influence is 

more obvious when the target is thin. For instance, the DOP in the 67.5 mm target has an approximate 

12% reduction when the maximum aggregate size increases from 8 to 16 mm, while the DOP reduction 

is around 9% when the target thickness is 90 mm. Moreover, Fig. 8-12 shows that the U16a1s-8a1s-

16a1s series has the smallest DOP among the three simulated target series with the same thickness. To 

be more precise, the DOP in the U8a1s, U16a1s and U16a1s-8a1s-16a1s targets with a thickness of 

75 mm are about 60.5 mm, 54.8 mm and 52.6 mm, respectively. The lower DOP of the U16a1s-8a1s-

16a1s series in the whole thickness range reveals that the triple-layered UHPFRC possesses an 

enhanced impact resistance compared to its single-layered counterparts with the same target thickness. 

This also indicates the possibility of using a thinner triple-layered target as an alternative to the thicker 

single-layered one to achieve the same level of protection, e.g. the 60 mm U16a1s-8a1s-16a1s target 

may be used to replace the 90 mm U16a1s target considering their comparable DOP. 

Projectile tip 

perforates target 



 

158 

 

 

   Chapter 8 High-velocity impact: numerical simulation 

 

8.5.2 Influences of penetration velocity on perforation limit 

Perforation limit he is defined as the minimum target thickness required to prevent perforation  

(Li et al., 2006), and it is an important characterization for ballistic engineers to design safety 

protective structures. A number of empirical formulae have been developed to predict the perforation 

limit of concrete material, e.g. the BRL formula, ACE formula, modified NDRC formula and CEA-

EDF formula. The expressions of these formulae are given below (Li et al., 2006), and the definitions 

of the parameters in these formulae can be found in Chapter 7 (Section 7.4.2). 

 BRL formula (Li et al., 2006): 
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 ACE formula (Li et al., 2006): 
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 Modified NDRC formula (Li et al., 2006): 
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where the expression of DOP in Eq. 8-10a can be found in Chapter 7. 

 CEA-EDF formula (Li et al., 2006): 
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The he of the U8a1s, U16a1s and U16a1s-8a1s-16a1s series under different penetration 

velocities of 640 ~ 940 m/s are estimated approximately by the numerical models. The results are 

illustrated in Table 8-4, together with the calculated he from the above empirical formulae. It should 

be noted that for the triple-layered UHPFRC, the equivalent concrete compressive strength σc,eq 

obtained according to the composite theory (Xu et al., 2010) is used in the empirical formulae. More 

information about σc,eq can be found in Chapter 7 (Section 7.5.2).  

As shown in Table 8-4, the ACE formula gives results that are closest to the numerical he of the 

U8a1s series in the whole velocity range, and predictions for the U16a1s series at high velocities 

namely 840 m/s and 940 m/s are also acceptable. The modified NDRC formula yields results 

comparable to the numerical he of U16a1s at 640 m/s and 740 m/s, as well as those of U16a1s-8a1s-

16a1s at 640 m/s, 740 m/s and 840 m/s. In contrast, the numerical he of U16a1s-8a1s-16a1s at 940 

m/s falls between the estimations of the modified NDRC and ACE formulae.  
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Table 8-4 Perforation limits at different velocities 

V0 (m/s) Method 
he (mm) 

U8a1s U16a1s U16a1s-8a1s-16a1s 

640 

Simulation 48.0 45.0 42.0 

BRL 51.1 50.1 50.4 

ACE 50.6 49.8 50.1 

CEA-EDF 39.1 38.5 38.7 

Modified NDRC 45.4 45.1 45.2 

740 

Simulation 57.0 54.0 48.0 

BRL 62.0 60.8 61.2 

ACE 59.3 58.4 58.7 

CEA-EDF 43.6 42.9 43.1 

Modified NDRC 50.4 50.0 50.1 

840 

Simulation 67.5 63.0 57.0 

BRL 73.4 71.9 72.4 

ACE 68.6 67.5 67.9 

CEA-EDF 47.9 47.2 47.4 

Modified NDRC 55.2 54.8 54.9 

940 

Simulation 78.0 75.0 67.5 

BRL 82.3 83.5 84.1 

ACE 78.5 77.2 77.6 

CEA-EDF 52.2 51.4 51.6 

Modified NDRC 60.1 59.5 59.7 

 

Accordingly, none of these existing empirical formulae is able to predict the he of the developed 

UHPFRC in the whole velocity range. That is because these formulae are proposed based on the 

regression analyses of certain types of concrete under certain impact velocities, which limits their 

application ranges (Li and Chen, 2003). Since UHPFRC is a relatively new material, these empirical 

formulae are not exactly proposed for it and their validity has not been verified against impacts on 

UHPFRC, not to mention the coarse-aggregated layered UHPFRC. That being the case, the ACE 

formula is modified to give more accurate predictions for the coarse-aggregated layered UHPFRC 

developed in this study. The modified ACE formulae are obtained on the basis of the simulation results 

in Table 8-4, and the expressions are given below: 
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     for U16a1s                                                                        (8-12b) 
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    for U16a1s-8a1s-16a1s                                                     (8-12c) 

The comparisons between the he from the numerical simulation and the modified ACE formulae are 

shown in Fig. 8-15. Excellent agreements are observed. It is worth mentioning that similar to existing 

empirical formulae, the modified ACE formulae have their applied scopes. They are proposed for the 

coarse-aggregated layered UHPFRC against the 7.62 mm × 51 AP projectile under impact velocities 

between 640 ~ 940 m/s. Using them for larger-caliber projectile may lead to underestimation of the 
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DOP due to the scaling effect, which can be attributed to the inconsistent size variations of the 

projectile and the aggregates (Wu et al., 2019). 

 

 
Fig. 8-15 Comparison between simulation and modified ACE formulae 

   

Furthermore, as depicted by the numerical results in Table 8-4, he increases with the increase of 

the initial penetration velocity, and the value is the largest for the single-layered UHPFRC with smaller 

aggregates, viz. U8a1s, while it is the smallest for the triple-layered series, viz. U16a1s-8a1s-16a1s. 

For example, the simulation shows that for an U8a1s target, the smallest thicknesses to prevent 

perforation under 640 m/s and 940 m/s are about 48 mm and 78 mm, respectively. On the contrary, 

those corresponding to the U16a1s-8a1s-16a1s series are only 42 mm and 67.5 mm, decreasing 14% 

and 16%, respectively, compared to those of U8a1s.  

The smaller he of the U16a1s-8a1s-16a1s series indicates the feasibility to reduce the target 

thickness by applying the layered-structure, which then benefits the production cost and the 

environmental sustainability thanks to the reduced materials used in the targets. Table 8-5 gives the 

cement and fiber amounts to cast a UHPFRC target with a diameter of 275 mm and a thickness of he 

(obtained from the simulations). The calculation is based on the mixture recipes given in Chapter 6 

(Section 6.2.1).  

 

Table 8-5 Cement amount to cast one UHPFRC target with a diameter of 275 mm and a thickness of he 

Initial velocity V0 (m/s) 

Material amounts (kg) 

U8a1s U16a1s U16a1s-8a1s-16a1s 

cement  fiber cement  fiber cement fiber 

640 1.68 0.22 1.40 0.21 1.36 0.20 

740 1.99 0.27 1.68 0.25 1.56 0.22 

840 2.36 0.31 1.96 0.29 1.85 0.27 

940 2.72 0.36 2.34 0.35 2.19 0.31 

 

Thanks to the enhanced impact resistance of the triple-layered UHPFRC, the amounts of cement 

and fiber required to cast the U16a1s-8a1s-16a1s targets are obviously reduced compared with their 

single-layered counterparts. To specify, the cement amounts for the U16a1s-8a1s-16a1s targets to 

prevent perforation under 640 m/s, 740 m/s 840 m/s and 940 m/s are about 19%, 22%, 22% and 20% 

less than those for the U8a1s targets; and the corresponding fiber amount reductions are 13%, 16%, 

16% and 13%, respectively. As a consequence, with the same level of ballistic resistance, the triple-
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layered UHPFRC consumes less materials than the single-layered one, making the layered target more 

sustainable and more economic. In addition, the lighter weight of the triple-layered UHPFRC target is 

also beneficial for its transportation and installation in military fields. 

 

8.6 Conclusions 

This study uses LS-DYNA to numerically investigate the ballistic performances of the single- 

and tripled-layered UHPFRC containing coarse aggregates. The ballistic experiments of the 

U8a1s(90), U16a1s(90) and U16a1s(30)-8a1s(30)-16a1s(30) targets presented in Chapter 6 are 

utilized to validate the simulations in this chapter. The displacement and velocity histories of the 

projectile, as well as the dynamic penetration process in the three targets are analyzed. Furthermore, 

the effects of the target thickness on the DOP, and the influences of the impact velocity on the 

perforation limit are discussed. In addition, modified ACE formulae to accurately predict he of the 

coarse-aggregated layered UHPFRC are proposed based on the simulations. The study in this chapter 

benefits to better understand the responses of the single- and tripled-layered UHPFRC subjected to 

high-velocity projectile impacts, and the advantages of applying coarse aggregates and the layered 

structure are further confirmed. The following conclusions can be drawn: 

(1) The numerical simulations of the U8a1s(90), U16a1s(90) and U16a1s(30)-8a1s(30)-16a1s(30) 

targets coincide very well with the experimental results. The difference between of the DOP and the 

crater size obtained from the experiments and the simulations are smaller than 0.5% and 5%, 

respectively. 

(2) The HJC constitutive model in LS-DYNA can well characterize the dynamic response of the 

coarse-aggregated UHPFRC subjected to projectile impacts; and the improved ballistic resistance 

provided by the coarse aggregates can be reflected by increasing the crushing pressure in the model. 

(3) The layer interface affects the pressure distribution in the triple-layered target and thus the 

velocity history of the projectile. This can be attributed to the complicated propagation and reflection 

of the stress wave near the interface, the distinct pressure bearing capacities of the interface and the 

layer matrix, as well as the different confining levels of the two layers.  

(4) The DOP decreases with the increase of the target thickness; however, the reduction becomes 

very limited when the critical target thickness is reached. The critical thickness is around 75 mm, 67.5 

mm and 60 mm for the U8a1s, U16a1s and U16a1s-8a1s-16a1s targets, respectively. 

(5) The perforation limit he increases with the increase of the penetration velocity. Under the same 

velocity, U8a1s has the largest he while U16a1s-8a1s-16a1s achieves the smallest he, indicating the 

feasibility to make thinner targets with the layered structure concept. Consequently, the triple-layered 

UHPFRC consumes less amounts of cement and fiber than the single-layered one with the same level 

of ballistic resistance, which makes the layered target more environmentally and economically 

attractive. 
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   Chapter 9: Conclusions and recommendations 

 

9.1 Conclusions 

UHPFRC is generally characterized by its very high compressive strength, excellent energy 

absorption capacity and outstanding damage resistance, making it a promising material to withstand 

both static and dynamic loads. In this research, the fibers effects on the coarse-aggregated layered 

UHPFRC subjected to static and dynamic loads are investigated, with the focus on the fiber pullout 

performance at mesoscale and the fiber amount distribution over the layered UHPFRC at macroscale. 

As such, the research addresses five inter-related topics: 

(1) Understanding the effects of the fiber inclination on the static fiber pullout performance;  

(2) Understanding the effects of the pullout rate on the dynamic fiber pullout performance; 

(3) Enhancing the static flexural performance of the coarse-aggregated UHPFRC using a layered 

structure; 

(4) Enhancing the low-velocity impact resistance of the coarse-aggregated UHPFRC using a 

layered structure; 

(5) Enhancing the high-velocity impact resistance of the coarse-aggregated UHPFRC using a 

layered structure. 

Some primary conclusions concerning these topics are summarized as follows. 

 

9.1.1 Understanding the effects of the fiber inclination on the static fiber pullout 

performance 

 Fiber inclination has different effects for different sized hooked-end steel fibers with different 

embedded lengths. For the small Dramix RC-80/30-BP fiber with an embedded length of 10 mm, the 

peak pullout loads at 0° and 10° are slightly higher than those at 20° and 30°. In contrast, for the large 

one-hooked-end Dramix 5D fiber, the optimum inclination angles to achieve the maximum pullout 

resistance are at 20° and 30° when the embedded lengths are 10 mm and 15 mm, respectively.  

Regarding the fiber efficiency, the small Dramix RC-80/30-BP fiber achieves the highest 

utilization efficiency and the maximum value is obtained at the pullout angle of 0°. The efficiency of 

the one-hooked-end Dramix 5D fiber reaches its peak at 30°; however, it is only approximately half 

that of the Dramix RC-80/30-BP fiber, indicating that the strength of the large fiber is too 

superabundant to match the UHPC matrix.  

Moreover, the SEM images confirm the dense microstructure of the designed UHPC, which 

provides a strong bond between the fiber and the matrix. Due to this strong bond and the anchorage of 

the fiber hook, the Dramix RC-80/30-BP fiber with an inclination angle larger than 20° has a high risk 

to break during its pullout from the UHPC matrix.  

 The effects of fiber inclination on the pullout behavior are associated with both the snubbing 

effect and the matrix spalling effect. The snubbing effect invokes an additional friction resistance and 

promotes the improvement of the pullout force at a larger inclination angle. On the one side, the matrix 

spalling effect reduces the fiber embedded length and results in a decreased pullout load with increased 

pullout angle. To effectively evaluate these effects, an analytical model for the hooked-end fiber is 

proposed and validated, and the corresponding snubbing friction coefficient fp = 1.25 and matrix 

spalling coefficient kp = 1.0 are obtained.  
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9.1.2 Understanding the effects of the pullout rate on the dynamic fiber pullout 

performance 

 The pullout performance of the hooked-end steel fiber embedded in UHPC matrix can be 

affected by the pullout rate. The Stefan effect and the inertia effect due to micro-cracking in the 

interface are the two main mechanisms contributing to the rate-dependent pullout responses. Both the 

peak pullout load and the pullout energy of the Dramix RC-80/30-BP fiber are enhanced under the 

dynamic pullout load, and the enhancement of the pullout energy is more remarkable. To be more 

precise, with an embedded length of 15 mm, the dynamic increase factors (DIFs) of the peak pullout 

load at 50 mm/min, 500 mm/min and 1000 mm/min are 1.03, 1.12 and 1.22, while those of the pullout 

energy are 1.17, 1.28 and 1.46, respectively.  

The peak pullout load tends to be more rate sensitive with a smaller fiber embedded length. The 

influences of the fiber embedded length on the rate dependency of the pullout response are associated 

with the matrix confinement. A larger embedded length leads to a larger matrix confinement, which 

retards the cracking near the hook bending region and thus decreases the rate dependency caused by 

the micro inertia effect. In contrast, with a smaller embedded length, micro-cracks can occur both in 

plane and out of plane because of the reduced confinement, contributing to a more apparent rate effect. 

An analytical model is developed to predict the dynamic peak pullout loads of hooked-end steel 

fiber embedded in UHPC matrix at loading rates up to the intermediate level. The influences of the 

pullout rate, concrete compressive strength, fiber properties and embedded length are considered in 

the model. The good correlation between the predicted peak pullout loads and the experimental results 

confirm the validity of the proposed model.  

 

9.1.3 Enhancing the static flexural performance of the coarse-aggregated UHPFRC 

using a layered structure  

The double-layered UHPFRC with coarse aggregates incorporated and fibers efficiently 

distributed is designed in this research, and its static flexural performance is analyzed theoretically and 

experimentally. In the theoretical section, the cracking and debonding criteria of the double-layered 

beam are developed, and the critical load at the first stage of the failure process Fcritical is obtained. The 

theoretical analysis reveals that when the top and bottom layers of the beam have comparable elastic 

moduli, e.g. layer elastic modulus ratio (the ratio of the top and bottom layers’ elastic moduli) βE = 0.8 

~ 1, increasing the layer thickness ratio βh (the ratio of the bottom layer thickness to the total beam 

height) from 0.1 to 0.3 leads to a prominent increase of Fcritical, whereas further thickening the bottom 

layer would not generate significant improvement. 

Based on the theoretical analysis, the double-layered UHPFRC beams are designed for the 

experimental program. Three-point bending tests are conducted to evaluate the static flexural 

performance of the coarse-aggregated layered UHPFRC. No layer debonding is observed during the 

tests thanks to the strong interfacial bond between the layers. The influences of βh on the beam flexural 

performance are investigated experimentally. It is found that the peak flexural load and the flexural 

energy are remarkably improved with the increase of the bottom layer thickness until βh = 0.6 is 

reached. Moreover, the fiber efficiency, defined as the ratio of the beam flexural energy to the mass of 

the fiber, also reaches its maximum at βh = 0.6. Considering the gained knowledge above, βh = 0.6 is 

recommended for the double-layered UHPFRC beam.  
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Compared to the 100 mm single-layered UHPFRC beam with the same total fiber amount, the 

designed double-layered beam composed of a 40 mm-thick top layer with 0.6% straight fibers and a 

60 mm-thick bottom layer with 1.6% straight fibers, viz. U0.6(40)-1.6(60), achieves a 24% higher 

peak flexural load and a 14% higher flexural energy. These enhancements exhibit the improved beam 

flexural performance by applying the layered structure, and they also indicate the potential of utilizing 

layered beams containing less fibers to obtain a superior flexural performance. 

 

9.1.4 Enhancing the low-velocity impact resistance of the coarse-aggregated UHPFRC 

using a layered structure  

In addition to the better performance under static bending, the double-layered UHPFRC has a 

superior resistance under the low-velocity drop-weight impact. Specifically, the double-layered 

UHPFRC beam has a higher peak reaction force than its single-layered counterpart. The absorbed 

impact energy of the double-layered UHPFRC is also improved, and this improvement is more obvious 

for the UHPFRC with hooked-end fibers. For instance, the double-layered beam containing straight 

fibers, viz. U0.6s-1.6s, achieves a 15% higher impact energy than the single-layered one; whereas the 

corresponding enhancement of the double-layered beam with hooked-end fibers is 28%. Moreover, 

for UHPFRC with both the straight and hooked-end fibers, distributing the hooked-end fibers in the 

bottom layer and the straight ones in the top layer, viz. U0.6s-1.6h, generates a desirable energy 

absorption capacity. 

For both the single- and double-layered UHPFRC, the peak reaction force, impact number and 

absorbed impact energy increase with the increasing amount of the hooked-end fibers. This is because 

the resistance of the UHPFRC against low-velocity impacts is closely related to the fiber pullout 

response. Compared to the short straight fiber, the hooked-end fiber has a longer embedded length and 

its hook can generate an additional mechanical anchorage. As a consequence of both the higher 

frictional bond force and the mechanical anchorage, higher force and more energy are required to pull 

the hooked-end fiber out of the UHPC matrix, leading to a higher impact resistance of the UHPFRC 

reinforced with more hooked-end fibers. 

A model to estimate the absorbed energy of the layered UHPFRC under repeated drop-weight 

impacts is developed and validated, and a fiber group effect coefficient ηg = 0.9 is proposed for the 

hooked-end steel fiber used in the present study. The proposed model confirms that the fiber pullout 

process constitutes the major part of the absorbed impact energy, while the matrix cracking only 

consumes an insignificant portion. Additionally, a 21% higher dynamic fiber efficiency is obtained by 

the double-layered beam compared to the single-layered one, which further confirms the advantages 

of the layered structure. 

 

9.1.5 Enhancing the high-velocity impact resistance of the coarse-aggregated UHPFRC 

using a layered structure 

Multi-layered UHPFRC targets containing coarse basalt aggregates are developed and tested 

against the 7.62 mm × 51 AP projectile at a penetration velocity of about 840 m/s. The coarse basalt 

aggregates improve the impact resistance of UHPFRC by increasing the strength and hardness of the 

material, eroding the projectile and deviating its trajectory, which promote the dissipation of the 

projectile kinematic energy. Moreover, fibers in UHPFRC help to increase the material toughness and 
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prevent the target disintegration. Fiber geometry insignificantly affects the ballistic performance when 

the maximum aggregate size of the target is 8 mm, but for the UHPFRC with a maximum aggregate 

size of 16 mm, the straight steel fiber can provide a more effective damage control in comparison to 

the hooked-end fiber. This may be attributed to the following factors: the higher amount of the straight 

fiber, the reduced pullout resistance of the hooked-end fiber due to its inclination, and the smaller 

disturbed zone in the UHPFRC with the short straight fibers. 

For the double-layered UHPFRC, increasing the aggregate size in either layer decreases the 

depth of penetration (DOP), and the effect is more obvious when the larger aggregates are in the impact 

layer. The double-layered UHPFRC with 16 mm aggregates in the impact layer and 8 mm aggregates 

in the back layer has a smaller DOP than the single-layered UHPFRC containing 16 mm aggregates 

in the whole target. Possible enhancing mechanisms related to the layered structure include: the layer 

interface that dampens the impact waves, the interfacial cracking that promotes energy consumption, 

the reduced damage in the back side of the target that provides a higher resistance, and the different 

confining levels of the two layers caused by the different aggregate sizes.  

For the triple-layered UHPFRC, the fiber amount distribution over the layered structure reduces 

both the DOP and the equivalent crater diameter, and the design of utilizing larger aggregates and 

more fibers in the outer layers is recommended. Furthermore, in spite of its 10% less cement dosage, 

the optimized triple-layered UHPFRC U16a1s(40)-8a1s(10)-16a1s(40) achieves a 32% reduced DOP 

compared to U8a1s(90). This reduced DOP is associated with the effects of the coarse aggregates, the 

layer interface, the direction of fibers in the thin middle layer, and the edge confinement of the thick 

rear layer.  

DOP predictive models for the single- and multi-layered UHPFRC are developed on the basis 

of an improved cavity expansion theory. The Hoek-Brown criterion is used in the model to describe 

the response of the UHPFRC material in the comminuted region. The DIF formulae in the CEB-FIP 

Model Code are adopted to account for the rate effect, and a reduction factor ξ = 0.35 to correct the 

dynamic resistance is obtained. The predictive model for single-layered UHPFRC is proposed and 

validated, and it is further extended for the multi-layered UHPFRC. The extended model is able to 

account for the varying mechanical properties and the layers’ order in the multi-layered targets, and it 

successfully predicts the DOP in the layered UHPFRC with an accuracy higher than 95%. 

Furthermore, the ballistic performance of the coarse-aggregated layered UHPFRC is numerically 

investigated using LS-DYNA. The Holmquist Johnson Concrete (HJC) constitutive model is 

employed for the UHPFRC, and the enhanced resistance provided by the coarse aggregates is reflected 

by adjusting the pressure-compaction relation in the model. The simulations coincide well with the 

experimental results. It is presented that the DOP decreases with the increasing target thickness until 

a critical thickness is reached. In addition, U16a1s-8a1s-16a1s has a smaller perforation limit than 

U8a1s. Consequently, the triple-layered UHPFRC consumes less cement and fiber than the single-

layered one with the same level of ballistic resistance, making the layered target more environmentally 

and economically attractive. 

 

9.2 Recommendations 

Recommendations for future studies that stems from this research are given: 

(1) The influences of loading rate on the bond properties of the layered UHPFRC should be 

evaluated. It is observed in this research that no layer debonding occurs in the static flexural test and 
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the low-velocity drop-weight test. But obvious cracking along the interface is noticed in some layered 

UHPFRC targets during the high-velocity ballistic tests, which may be related to the extremely strong 

impact wave. These phenomena indicate that the bond properties of the layered UHPFRC are rate 

sensitive. That being the case, the influences of the loading rate on the layer interface properties should 

be clarified. 

(2) For the layered UHPFRC in this research, the top layer is cast on the bottom layer without 

special treatment of the contact surface, i.e. the strong interfacial bond is achieved by controlling the 

casting time interval. To further improve the bond strength, bonding enhancement methods, e.g. 

applying surface treatment and using bonding agents, would be solutions. The feasibility, efficiency 

and influences of possible bonding enhancement methods require further investigations.  

(3) The long-term performance of the layered UHPFRC is an important topic to be investigated. 

For example, the influences of the layer interface on the durability of the layered UHPFRC should be 

understood. In comparison to the UHPFRC matrix, the layer interface has a relatively larger porosity, 

which may affect the durability, e.g. the water permeability and chloride penetration resistance, of the 

layered UHPFRC at a long term. 

(4) The developed drop-weight test setup in this research requires further improvement. A more 

accurate measurement device, e.g. contact-less laser displacement sensor, is recommended to directly 

measure the beam deflection with a higher accuracy. Additionally, a laser Doppler velocimetry 

monitoring technique is recommended to measure the rapidly changing velocity of the beam at its last 

impact, which can provide more complete information on the dynamic response of the UHPFRC.  

(5) The impact resistance of the UHPFRC subjected to the 7.62 mm × 51 AP projectile is 

investigated in this research. This projectile is tested because it is a common in-service arm in many 

countries. Nonetheless, the developed coarse-aggregated layered UHPFRC has the potential to resist 

more destructive impacts caused by more powerful weapons. To fully assess the resistance of the 

developed UHPFRC, ballistic tests against larger-caliber projectiles should be executed.  

(6) Mesoscale modelling of UHPFRC against dynamic impact is another interesting topic. Fibers 

and coarse aggregates are explicitly present in UHPFRC at mesoscale. Therefore, their influences on 

the dynamic cracking process and the wave phenomenon inside the UHPFRC can be analyzed more 

directly with the mesoscale model, which can promote a clearer and deeper understanding of the 

dynamic response of UHPFRC.
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AP Armor-piercing 

BA 1-3 Basalt aggregate with sizes of 1-3 mm 

BA 2-5 Basalt aggregate with sizes of 2-5 mm 

BA 5-8 Basalt aggregate with sizes of 5-8 mm 

BA 8-11 Basalt aggregate with sizes of 8-11 mm 

BA 8-16 Basalt aggregate with sizes of 8-16 mm 

CEM Portland cement 

DIF Dynamic increase factor 

DIFf,i Dynamic increase factor of a single steel fiber in the ith layer 

DIFm Dynamic increase factor of UHPC 

DOP Depth of penetration 

ECC Engineered cementitious composite 

EOS Equation of state  

HF Hooked-end steel fiber 

HJC Holmquist Johnson Concrete  

ITZ Interfacial transition zones 

LP Limestone powder 

mS Micro-silica 

NC Normal strength concrete 

S Sand 

SEM Scanning electron microscopy 

SF Straight steel fiber 

SP Superplasticizer 

UHPC Ultra-High Performance Concrete 

UHPFRC Ultra-High Performance Fiber Reinforced Concrete 

W Water 
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SI unit 

A, B, C Cavity expansion model parameters in Chapter 7 Eq. 7-42 - 

Ac Normalized cohesive strength parameter in HJC model - 

A1 Cross-sectional area of beam top layer  [m2] 

A2 Cross-sectional area of beam bottom layer  [m2] 

Bc Normalized pressure hardening parameter in HJC model - 

b Beam width  [m] 

Cc Strain rate parameter in HJC model - 

C0 Parameter in Chapter 7 Eq. 7-25  [N] 

C1 Parameter in Chapter 7 Eq. 7-38  [N/m] 

D Damage - 

Deq Equivalent crater diameter  [m] 

DI  Parameters in Chapter 7 Eq. 7-50  [m] 

DII Parameters in Chapter 7 Eq. 7-50  - 

D1, D2 Damage parameters in HJC model - 

d Projectile diameter  [m] 

df Fiber diameter  [m] 

E Elastic modulus  [Pa] 

Ea Total absorbed impact energy at multiple impacts  [N∙m] 

Ea0 Absorbed impact energy at a single impact  [N∙m] 

Ef,d,i Impact energy consumed by fiber pullout in the ith layer  [N∙m] 

Ei Impact energy  [N∙m] 

Em,d,i Impact energy absorbed by UHPC matrix in the ith layer  [N∙m] 

Em,s,i Flexural energy absorbed by UHPC matrix in the ith layer  [N∙m] 

Ep Pullout energy dissipation  [N∙m] 

Es Beam flexural energy  [N∙m] 

E1 Elastic modulus of beam top layer  [Pa] 

E2 Elastic modulus of beam bottom layer  [Pa] 

efff,s Fiber efficiency under static flexural  [N∙m/kg] 

efff,d Fiber efficiency under dynamic impact  [N∙m/kg] 

F Axial force on the projectile head  [N] 

Fcritical Critical load at the first stage of beam failure  [N] 

Fc,bottom Critical cracking load of beam bottom layer  [N] 

Fc,top Critical cracking load of beam top layer  [N] 

Fd,shear Critical debonding load by shear  [N] 

Fd,tension Critical debonding load by tension  [N] 

Fi+1 Axial force at the ith tunneling stage  [N] 

Fs,max Beam peak flexural load  [N] 

F1 Axial force at the cratering stage  [N] 

fp Snubbing friction coefficient  - 

fct,d  Dynamic tensile strength  [Pa] 
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 List of notations 

fctm Mean value of tensile strength  [Pa] 

G Shear modulus  [Pa] 

Gn Parameter in modified NDRC and UKAEA formula - 

g Gravitational acceleration  [m/s2] 

H Beam height  [m] 

h Length of the projectile nose  [m] 

hi Thickness of the ith layer  [m] 

h0 Height of beam neutral axis [m] 

I Parameter in Li-Chen formula - 

I0 Inertia moment  [m4] 

K Bulk modulus  [Pa] 

K1, K2, K3 Pressure parameters in HJC model [Pa] 

k Parameter associated with projectile shape - 

kp Spalling coefficient - 

L Beam length  [m] 

Ls Beam span length  [m] 

l Actual fiber embedded length obtained from pullout load-slip curves  [m] 

le Fiber embedded length  [m] 

lf Fiber length  [m] 

M Projectile mass  [kg] 

m Hoek-Brown parameter - 

N Impact number - 

Nc Pressure hardening exponent  - 

NI, NII Projectile nose shape coefficients - 

Nl-c Projectile nose shape coefficient in Li-Chen formulae - 

N(z),i Fibers number in an unit area on the crack plane at the depth of z - 

N* Projectile nose shape coefficient in NDRC and UKAEA formulae - 

Pcrush Crushing pressure  [Pa] 

Pf Pullout load due to frictional bond  [N] 

Ph Pullout load due to anchorage part  [N] 

Plock Locking pressure  [Pa] 

Pmax Peak pullout load  [N] 

Pn Normalized pullout load - 

P* Normalized pressure  - 

R Reaction load under drop-weight impact  [N] 

Rpeak Peak reaction force  [N] 

Rpeak,1 Peak reaction force at the first impact  [N] 

Rpeak,n  Peak reaction force at the last impact  [N] 

r Radius in spherical coordinate  [m] 

rc Radius of cavity  [m] 

rp Radius of the comminuted region  [m] 

rcr Radius of the cracked region  [m] 

re Radius of the elastic region  [m] 
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 List of notations 

rt Critical radius for response mode transfer  [m] 

cr  Cavity expansion velocity  [m/s] 

tr  Critical expansion velocity for response mode transfer  [m/s] 

Sf Parameter in Forrestal semi-empirical formula - 

Sl-c Parameter in Li-Chen formula - 

s Projectile head surface  [m2] 

T Maximum tensile pressure  [Pa] 

T* Normalized maximum tensile hydrostatic pressure - 

ti Time at the end of the i-1th tunneling stage  [s] 

u Particle displacement at time t  [m] 

V Penetration velocity at time t  [m/s] 

Vb Beam velocity under impact  [m/s] 

Vf Fiber volume fraction  [%] 

Vf,i Fiber volume fraction in the ith layer [%] 

Vm,i Matrix volume fraction in the ith layer [%] 

Vi Initial penetration velocity at the ith tunneling stage  [m/s] 

V0 Initial penetration velocity at the cratering stage  [m/s] 

v Particle velocity in the radial direction  [m/s] 

wh Crack width at beam bottom  [m] 

x Penetration depth at time t  [m] 
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 List of notations 

 

Greek letters 

 

SI unit 

σb Layer bond strength  [Pa] 

σc,s  Static compressive strength  [Pa] 

σc,s,i Static compressive strength of UHPFRC in the ith layer  [Pa] 

σc,d Dynamic compressive strength  [Pa] 

σc,eq Equivalent compressive strength of layered target  [Pa] 

σmax Maximum fiber stress  [Pa] 

σn Normal stress on projectile head  [Pa] 

σr Radial Cauchy stress component  [Pa] 

σt,s Static tensile strength  [Pa] 

σt,d Dynamic tensile strength  [Pa] 

σt,1 Tensile strength of beam top layer  [Pa] 

σt,2 Tensile strength of beam bottom layer  [Pa] 

σy Fiber strength  [Pa] 

σθ Circumferential Cauchy stress component  [Pa] 

σ1 Major principal stress  [Pa] 

σ3 Minor principal stress  [Pa] 

σ* Normalized equivalent stress  - 

τ  Interfacial shear strength  [Pa] 

τeq  Equivalent bond strength  [Pa] 

τeq,d  Equivalent bond strength under dynamic pullout  [Pa] 

τeq,s  Equivalent bond strength under static pullout  [Pa] 

τf,d Dynamic frictional shear stress  [Pa] 

τf,s Quasi-static frictional shear stress  [Pa] 

τmax Maximum bond strength  [Pa] 

τ1 Shear stress in beam top layer  [Pa] 

τ2 Shear stress in beam bottom layer  [Pa] 

εp Equivalent plastic strain  - 

εr Radial strain - 

εθ Circumferential strain - 

c  Compressive strain rate  [s-1] 

0c  Static reference rate  [s-1] 

d  Beam strain rate  [s-1] 

t  Tensile strain rate  [s-1] 

0t  Static reference rate  [s-1] 

r  Radial strain rate  [s-1] 

  Circumferential strain rate  [s-1] 

*  Dimensionless strain rate - 

ρ Density  [kg/m3] 

ρf Fiber density  [kg/m3] 
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 List of notations 

ρi Density of the ith layer  [kg/m3] 

ρ0 Material density in the un-deformed state  [kg/m3] 

μ Poisson’s ratio - 

μcrush Crushing volumetric strain  - 

μf Friction coefficient - 

μlock Locking volumetric strain  - 

μp Plastic volumetric strain - 

α Angle of fiber hook  [°] 

β Angle between pullout force and reaction force  [°] 

βE Layer elastic modulus ratio - 

βh Layer thickness ratio - 

βt Rate effect relevant parameter - 

γt Rate effect relevant parameter - 

γc Critical layer tensile strength ratio - 

δ Beam deflection  [m] 

δt Rate effect relevant parameter - 

ξ Rate effect reduction factor - 

ηg Fiber group effect coefficient - 

ηθ Fiber orientation coefficient - 

θ Fiber inclination angle  [°] 

ψ Projectile head geometry factor, CRH for an ogive head - 

φ Projectile angle  [°] 
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