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A B S T R A C T   

Ultra-high-performance concrete (UHPC) has been extensively researched and implemented in various infra-
structure applications for its superior structural and durability performance. Despite their successful structural 
level demonstrations, fiber dispersion and orientation remain a concern in the UHPC structure design. The 
casting flow direction, formwork geometry, rebar arrangement, use of casting device, and rheology of the 
mixtures are all reported to affect the fiber orientation and ultimately the structural performance of the UHPC 
members. A number of UHPC design codes and guidelines have been published by professional organizations 
across different countries, and the effect of fiber orientation were considered in several distinct ways in these 
specifications. In this article, a comprehensive review was conducted on the influence of various factors on the 
fiber orientation in structural elements. Existing structural design guidelines on UHPC, and steel fiber reinforced 
concrete materials from France, Germany, Japan, South Korea, Canada, Switzerland, Australia, and the U.S. were 
reviewed with a focus on their respective methods to account for the effect of fiber dispersion and orientation. 
Several design codes introduced separate design reduction factors to compensate the effect of undesirable fiber 
orientation. The background work and underlying rationale of these design factors were also included in this 
paper. Recommendations to the design professionals and for future research directions were provided at the end 
of the paper.    

1. Introduction 

In the last few decades, ultra-high-performance concrete (UHPC) has 
been extensively researched and implemented in transportation in-
frastructures for its superior mechanical properties, specifically its 
unique tensile response. UHPC1 is a cementitious composite material 
composed of an optimized gradation of granular constituents, a low 
water-to-cementitious materials ratio, and discontinuous fiber rein-
forcement. UHPC features very high compressive strength (i.e. greater 
than 150 MPa [21.7 ksi]) and high post cracking tensile strength (i.e. 
greater than 5 MPa [0.72 ksi]) [1]. UHPC also has a discontinuous pore 
structure, and tightly controlled cracks that reduce liquid ingress 
significantly enhancing durability compared to conventional and high- 
performance concretes [2]. With superior mechanical and durability 

properties, UHPC has been researched and implemented in a variety of 
highway infrastructure applications to optimize the design of structural 
elements and to extend the service life of infrastructure. For example, 
UHPC has been used in bridge girders [3,4], precast concrete deck 
panels [5], railway sleepers [6], deep foundations [7], overlays [8–12], 
link-slabs [13], field-cast connections between prefabricated bridge 
components [14–16] as well as rehabilitation for existing structures 
[17,18]. 

The exceptional tensile strength and consequently high flexural per-
formance and tight crack width of UHPC are not only determined by the 
material composition but also heavily influenced by the fiber orientation 
and dispersion. The effect of material composition on UHPC’s mechanical 
and durability performance has been extensively reviewed in previous 
literature [19–21] and the researchers and practitioners have gained the 
practical knowledge for designing the UHPC mixtures to achieve desir-
able properties. However, the effect of fiber orientation has yet reached 
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any agreement even though most researchers and engineers have 
recognized the importance of fiber orientation [22]. The challenge of the 
fiber orientation in UHPC is due to the fact that it is sensitive to the casting 
method (e.g., pouring process, direction of the flow, and element con-
struction process), size and geometry of element, rebar arrangement, and 
rheological properties of UHPC mix. Therefore, it is critical to quantify 
the fiber orientation in real UHPC structures, understand how casting 
procedures and other factors affect the fiber orientation, and carefully 
address this effect in the design. 

Several design codes and specifications have addressed the fiber 
orientation effect by introducing special material factors, such as fiber 

orientation factors, to be applied to the tensile constitutive laws for 
UHPC or even conventional fiber reinforced concrete. The most notable 
one is the fiber orientation factor (also known as K factor), which was 
firstly introduced in “Recommendation on Ultra-High Performance 
Fiber-Reinforced Concrete (UHPFRC)” by French Association of Civil 
Engineers (AFGC) (AFGC Recommendations) [23,24]. However, 
different specifications and recommendations treated the fiber orienta-
tion effect in very different ways, and the considerations were based on 
different studies and concepts. To fully understand and appreciate the 
challenges of fiber orientation in UHPC, this paper firstly reviews the 
effects of casting method and procedures, including direction of casting 
flow, geometry of the formwork, casting devices, rebar arrangement, 
and rheological properties of UHPC mix, on the fiber orientation. In 
addition, the focus of this paper is to review the relevant design guide-
lines, recommendations, and codes on UHPC with an emphasis on 
methods and design factors to address the fiber dispersion and orien-
tation. Codes, specifications, and guidelines that are specific to UHPC 
structural design across the globe are reviewed, other documentation on 
fiber reinforced concrete that has relevant fiber orientation factors are 
also reviewed for completeness. Based on the synthesis study, future 
research needs and recommendations for UHPC structural designs are 
provided at the end of the paper. 

2. Effect of casting methods and procedures on fiber orientation 

2.1. Effect of casting flow direction 

The flow direction has a significant impact on the fiber orientation. 
Kang and Kim [25] summarized the orientation of fibers resultant from 
different flow patterns of the mixtures (Fig. 1). For example, placing 
UHPC from one end of a confined geometry and letting it flow can result 
in the confined shear flow of the mixture (Fig. 1 a-c). Fibers tend to align 
along the flow direction of the mixture. There exists a similar, increased, 
and decreased shear stress for parallel sides (Fig. 1a), converging sides 
(Fig. 1b), and diverging sides (Fig. 1c), respectively, which provides 
moderate, high, and low fiber alignment along the flow direction, 
respectively. Fiber orientation can be improved with the increase of the 
distance of flow of the UHPC mixture, leading to a higher extent of fiber 
alignment with increasing flow distance. This is often the case for 
casting of longitudinal members, such as beams or piles. On the other 
hand, placing UHPC at one point of the slab and letting it flow outwards 
in an unconfined condition can lead to the radial flow (Fig. 1d and e), 
such as in the case of the center casting of slabs. Such flow of mixture can 
drive fibers to align perpendicularly to the flow direction. The extent of 
fiber alignment also increases with increasing flow distance. 

Fig. 1. Orientation of fibers in different flow patterns [25].  

Acronym 
Table  

AASHTO American Association of State Highway and Transportation Officials 
ACI American Concrete Institute 
AFGC French Association of Civil Engineers (Association Française de 

Génie Civil) 
AFNOR French Standards Institute (Association Française de Normalisation) 
CSA Canadian Standards Association 
DAfStb German Committee for Reinforced Concrete 
DEM Diverse embedment model 
EMPA Swiss Federal Laboratories for Materials Science and Technology, 

Dübendorf, Switzerland 
ETR Emerging technology report 
FDOT Florida Department of Transportation 
FHWA Federal Highway Administration 
fib International Federation for Structural Concrete 
FLS Fatigue limit state 
FRC Fibre-reinforced concrete 
FRSC Fiber-reinforced SUPER Concrete 
JSCE Japanese Society of Civil Engineers 
KCI Korea Concrete Institute 
KICT Korean Institute of Construction Technology 
K-UHPC Ultra high performance concrete developed by Korean Institute of 

Construction Technology 
LRFD Load and resistance factor design 
NATA National Association of Testing Laboratories 
SFRC Steel fiber reinforced concrete 
SIA Swiss Society of Engineers and Architects 
SLS Serviceability limit state 
THFRC Tension hardening fiber reinforced concrete 
THUHPC Tension hardening ultra high performance concrete 
TSFRC Tension softening fiber reinforced concrete 
TSUHPC Tension softening ultra-high performance concrete 
UHPC Ultra high-performance concrete 
UHPFRC Ultra high performance fiber-reinforced concrete 
UHSFRC Ultra high strength fiber-reinforced concrete 
ULS Ultimate limit state   
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Regarding casting of longitudinal members in real applications, the 
casting flows are typically (i) casting from one end and letting the ma-
terial flow to the other end, and (ii) casting from the middle and letting 
the material flow to the ends (Fig. 2). Yang et al., [26] reported that 
placing the UHPC from the end of the beam provided better structural 
performance than placing the UHPC from midspan. When casting from 
one end, the UHPC flow along the longitudinal direction orienting the 
fiber towards the flow direction (i.e., principal tensile stress direction 
under bending) at midspan where the bending stress is highest. On the 
other hand, the outward flow from the midspan during midspan casting 
partially disturbed the fiber orientation at the midspan. As a result, the 
beam cast from one end showed 5–15% higher bending load capacity 
compared to the beam cast at midspan. This result further confirmed 
that the alignments of the steel fibers were influenced by the UHPC 
placing direction. End casting was frequently used in the literature for 
casting UHPC beam specimens [27–29]. 

The effects of casting flow in slabs and panels are illustrated in Fig. 3 
and Fig. 4 respectively. Kim et al., [30] evaluated the effect of the filling 
method on fiber orientation and dispersion and mechanical properties of 
UHPC slabs (Fig. 3). They prepared an unreinforced structural-level 
UHPC slab by using the free fall placing method from a height of 
about 200 mm (8 in.) from the center of the plate. Fig. 3a depicts the 
placing and flow directions during the manufacture of the plate struc-
ture. Specimens were cut from the slab as illustrated in Fig. 3b and tested 
for flexural behavior to investigate the effect of casting flow on fiber 
orientation. The result revealed that the flexural strength increased 
when the flow of UHPC was oriented perpendicularly to the direction of 
the principal tensile stress. This showed that the alignment of the fibers 
tends to be normal to the flow at a larger flow distance from the pouring 
site as shown in Fig. 3c. Barnett et al., [31] conducted an experimental 
investigation on casting UHPC circular panels using three placement 
methods, (i) placing UHPC from a single point at the center of the slab, 
(ii) placing UHPC from several points around the perimeter of the slab, 
and (iii) placing UHPC from several points randomly (Fig. 4). The au-
thors reported that from the image analysis of the x-ray computed to-
mography (CT), for panels poured from the center, the fibers tend to 
align perpendicular to the radius of the panels (Fig. 4a). In the case of 
panels poured at the edge, the fibers were aligned along the radius of the 
panels (Fig. 4b). For panels poured randomly, the fibers were oriented 
randomly (Fig. 4c). The center casting orients the fibers tangentially 
(perpendicular to the flow direction) and casting from the periphery of 

the edge aligns the fibers parallel to the radius (along flow direction). In 
the case of flexural strengths under center point loading with 3-point 
support equally spaced near periphery, panels poured from the center, 
in which the fibers tended to align perpendicular to the radius, was the 
strongest; panels poured at the edge, where the fibers tended to lie more 
parallel to the radius, was the weakest; and panels poured randomly, 
where the fiber orientation seemed to be more random, had an inter-
mediate strength. Similar findings were also reported by Zhou and 
Uchida [32]. 

2.2. Effect of formwork geometry and size 

The formwork geometry has a significant effect on the fiber orien-
tation. Fibers near formwork walls are naturally aligned parallel to the 
formwork, which is called the ‘wall effect’. It only occurs when the 
distance from the formwork is less than or equal to half of the length of 
the fibers [33,34]. Since the wall effect occurs near the formwork walls, 
the effect of the formwork sidewalls on the fiber alignment is higher for 
smaller specimens than for large-scale specimens. This leads to a ‘size 
effect’, which indicates that specimens with different sizes perform 
differently due to differences in fiber orientation [34–36]. In relatively 
larger-scale specimens, the advantage of the wall effect on fiber align-
ment along the longitudinal direction is lower and hence the flexural 
performance is generally lower compared to the smaller-scale speci-
mens. However, if the large-scale structures consist of any narrower 
section (e.g., web of I-girder or pi-girder), it may exhibit local higher 
fiber orientation and flexural capacity. Theoretically, fiber orientation 
and dispersion are also affected by fiber length. If longer fibers are used, 
the wall effect should be more significant. However, it is also observed 
that shorter fibers are better aligned along the flow direction in small- 
scale specimens due to the shorter flow distance not being able to 
effectively align the longer fibers [37,38]. 

Yoo et al., [35] investigated the size effect of UHPC beams on fiber 
orientation and flexural capacity. They prepared three different sizes of 
beams: small (50 × 50 × 250 mm [2 × 2 × 10 in.]), medium (100 × 100 
× 400 mm [4 × 4 × 16 in.]), and large (150 × 150 × 550 mm [6 × 6 ×
22 in.]). They reported a significant decrease of fiber alignment along 
the longitudinal direction with the increasing size of the beams. The 
flexural capacity of medium and large beams was reduced up to 27% and 
40%, respectively, compared to small beams. They also reported that 
shorter fibers were more aligned parallel to the flow direction than 

Fig. 2. Procedure for placing the UHPC [26].  

Fig. 3. (a) UHPC flow direction, (b) labeling and cutting scheme of slab element and shape of plate pieces (c) relative orientation of fiber by position in the plate 
(plan view of the slab element) [30]. 
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longer fibers. Wille and Parra-Montesinos [39] also cast UHPC beam 
specimens of the same medium and large size. They reported that large 
beams showed a reduction in flexural strength by up to 6.7% compared 
to medium beams. However, the reduction was not as significant as that 
found by Yoo et al., [35]. It was probably due to that the specimens were 
cast from the center. Therefore, the fiber orientation at the center was 
less affected by the formwork walls. 

Yoo et al., [37,38] also studied the effect of fiber length on the 
flexural performance and fiber distribution characteristics of UHPC. 
Fibers of three different lengths of 13 mm (0.51 in.), 16.3 mm (0.64 in.), 
and 19.5 mm (0.77 in.) were used to prepare UHPC beams of 100 × 100 
× 400 mm (4 × 4 × 16 in.) in size for flexural tests. They reported that 
the fiber length had little influence on the degree of fiber dispersion (i.e., 
number of fibers at different locations), but a significant influence on the 
fiber alignment along the flow direction. A higher fiber alignment along 
the flow distance was obtained when shorter fibers were used. Similar 
observations were also made in [38]. They reported that the fiber 
orientation coefficient at the center of the specimen was barely affected 
by the fiber length when placing UHPC from the center, but it decreased 
with increasing fiber length up to 19.5 mm (0.77 in.) when placing 

UHPC from the end. However, for very long fibers (30 mm [1.12 in.]), 
the effect of formwork sidewall is more dominant, leading to a higher 
level of alignment in the flow direction again. 

Since the geometry and size of specimens have significant effect on 
the fiber orientation and mechanical performance of UHPC, the me-
chanical strength obtained from small-scale tests may not accurately 
reflect that of the real structures. Many UHPC design specifications 
introduced fiber orientation factors to account for this difference, and 
many of these fiber orientation factors are determined based on the 
geometry and size of the elements. More details of these fiber orientation 
factors are provided in Section 3. 

2.3. Effect of casting devices 

To achieve the best performance of UHPC material, researchers have 
developed different casting devices to align the fibers. The purpose of 
employing different casting devices is to optimize the flow patterns of 
mixtures to promote fiber alignment along the direction of principal 
tensile stress. Four devices have been investigated in literature and 
research: L-shape device [40–44], 30-degree chute [39,45], 

Fig. 4. Schematic showing the flow of concrete according to casting method (a) center, (b) perimeter, (c) random [31].  

Fig. 5. Casting UHPC using (a) 30-degree chute [40], and (b) L-shape device [40,42].  
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conventional scoop [46,47], and fiber aligning channel and vibration 
table [48,49]. Among these devices, L-shape devices and 30-degree 
chutes (Fig. 5) can secure a relatively high improvement in fiber align-
ment compared to the channelized device or conventional methods (e.g., 
scoop) of casting. However, the risk of blockage increases with the in-
crease of fiber length and volume, given the limited outlet height of the 
L-shape device. This is not the case for the 30-degree chute, which has no 

limitation on fiber length and volume [22]. However, the research on 
the performance of different casting devices for casting UHPC structures 
is mainly on small-scale prototype specimens. For casting larger scale 
UHPC members, precast or cast-in-place members are usually employed 
and manufactured using half-pipe or chute from mixing trucks or car-
rying trucks, hopper hanging from a crane, wheelbarrows, and buckets 
(Fig. 6). However, the existing literature which used these devices for 

Fig. 6. Different casting devices for large scale 
UHPC construction (a) inclined chute or half- 
pipe from concrete mixing truck in the field, 
(source: Cor-Tuf) (b) inclined chute or half-pipe 
from concrete mixing truck in the lab, [2] (c), 
(d) vertical flow from a chute or half pipe from 
UHPC mix carrying Tuckerbilt buggy (source: 
Cor-Tuf), (e) casting using an inclined channel 
(source: Lafarge), (f) casting using a wheel-
barrow, (source: New York Department of 
Transportation) (g) casting using hopper 
hanging from a crane in the field (source: Cor- 
Tuf), (h) casting using a plastic bucket (source: 
Federal Highway Administration).   

Fig. 7. (a) Casting method, (b) core sample locations, and (c) fiber orientation and dispersion around rebar in 2D CT image of the core sample in X-Z plane [52].  
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large-scale specimens did not investigate or evaluate the effects of the 
casting devices on the fiber orientation in UHPC. Therefore, further in-
vestigations on those devices in large-scale UHPC structure casting are 
desirable. 

2.4. Effects of rebar arrangement 

There are no comprehensive investigations on the effect of rebar 
arrangement other than some observed negative effect of the rebars on 
the fiber orientation. For example, Yoo and Yoon [27] suspected that the 
fiber orientation and dispersion were poorer for the reinforced beams 
with longer steel fibers owing to the interruption of stirrups and longi-
tudinal steel rebars compared to those of the fibers with shorter lengths. 
Singh et al., [50] claimed that the presence of shear reinforcement 
restricted the free flow of the UHPC mix, resulting in less fiber alignment 
in the longitudinal direction. Nguyen et al., [51] also reported that for 
reinforced UHPC slabs, the fibers near steel bars were blocked or reor-
iented by the rebar, the space in the concrete cover zone could be 

inadequate for the flow of fibers due to the thin geometry. In addition, 
Shao and Billington [52] investigated the bond between steel rein-
forcement and UHPC using beam-end specimens. Their study presented 
the casting flow direction and location of the core sample collected for 
image analysis (Fig. 7). Their micro-computed tomography (Micro-CT) 
scan results of core samples revealed that when the casting flow was 
parallel to the longitudinal rebar, fibers were mostly aligned parallel to 
the bar, and there existed a fiber-free zone around the bar (Fig. 7c). 
Walsh et al., [53] investigated the fiber orientation within a field-cast 
reinforced UHPC shear key replica (Fig. 8). The flow direction is 
perpendicular to the bars and is illustrated in Fig. 8b with the plan and 
section view of the core sample locations in shear key replicas and UHPC 
flow direction. Fig. 8c and d show fiber orientation around the rebar 
from the CT scanning image analysis at locations 4A and 6A (which are 
marked in Fig. 8b). Fig. 8e and f show the CT images of samples 4A and 
6A, with the direction of UHPC flow being right to left. It was observed 
that fibers tended to collect upstream of the rebar, resulting in a higher 
fiber density at this location. Furthermore, the immediate downstream 

Fig. 8. (a) New adjacent-box-beam shear connection using UHPC and transverse rebar, (b) plan and section view of the core sample locations in shear key replicas 
and UHPC flow direction, (c), (d) sample 4A and 6A respectively: fiber approximation from CT scanning image analysis (flow direction is right to left), (e), (f) CT 
image showing disruption of flow caused by rebar in sample 4A and 6A, respectively [53]. 
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side of the rebar was observed to be relatively fiber-free. 
Most existing research suspects the presence of steel rebar could 

disrupt the fiber alignment along the flow directions. Studies also sug-
gest that when UHPC flow is parallel to the rebar, fibers tend to be 
mostly aligned parallel to the bar and there exists a thin fiber-free zone 
around the rebars. When the UHPC flow is perpendicular to the rebar, 
fibers tended to collect upstream of the rebars, resulting in a higher fiber 
density at this location, while the immediate downstream side of the 
rebar was observed to be relatively fiber-free. However, systematic 
studies are needed to fully understand the influence of rebar arrange-
ment in UHPC members on the fiber orientation. 

2.5. Effects of rheological properties of UHPC mix 

In addition to the flow directions, effect of casting device, and rebar 
arrangement, the orientation and dispersion of fibers in UHPC also de-
pends greatly on the rheology of the fresh UHPC mix (flow properties) 
and the flow velocity (and its gradient). Yield stress and viscosity are the 
two most important rheological properties, along with the flow velocity, 
to affect the flow of UHPC and therefore fiber orientation within UHPC. 

Teng et al., [40] analyzed the fiber alignment due to shear-induced 
flow. Their study considered that the hydrodynamic stress on the fi-
bers induced by the differential flow velocity, which help to align the 
fibers, can be determined by τs = μ dV

dy, where τs (unit Pa) is the hydro-
dynamic stress caused by the shear flow of the suspending mortar, μ 
(unit Pa⋅s) refers to the plastic viscosity of mortar, and dV/dy (unit s− 1) 
is the gradient of flow velocity between the centerline and side of the 
prismatic samples. The flow velocity field is dependent on the rheo-
logical properties as well as the geometry of the specimen. They com-
mented that although self-consolidating UHPC has high flow velocity, 
the mixtures should also have an adequate viscosity to drive and align 
fibers. Based on their study, low yield stress and high viscosity are 
desirable for fiber alignment. However, they also noted that high vis-
cosity may reduce the flow velocity, which may interfere with fiber 
alignment along the flow direction. Furthermore, fibers tend to entangle 
with each other in the mixtures with relatively high yield stress and 
viscosity, which can also increase the difficulty to align fibers. There-
fore, there exists a competing effect about how viscosity and yield stress 
affect the fiber alignment in UHPC casting flow. The optimum range of 
these rheological properties for fiber alignment may be case-specific. 
Teng et al., [40,45] also performed experiments to evaluate the effect 
of rheological parameters on fiber alignment. They reported that, when 
UHPC was cast using a 30-degree chute, the fiber alignment along the 
flow direction increased by 20% with the increase of viscosity from 10 to 
45 Pa⋅s (0.0014–0.0065 psi⋅s) and the corresponding increase of yield 
stress 36–43 Pa (0.0052–0.0062 psi) for self-consolidated UHPC; and 
fiber alignment along the flow direction increased by 5% with the in-
crease of viscosity from 15 to 40 Pa⋅s (0.0021–0.0058 psi⋅s) and the 
corresponding increase of yield stress 14–17 Pa (0.002–0.0025 psi) for 
non-self-consolidated UHPC. The study also reported that, when UHPC 
casting was performed using L-shape device, the fiber alignment along 
the flow direction increased by 15% with the increase of viscosity from 
10 to 45 Pa⋅s (0.0014–0.0065 psi⋅s) and the corresponding increase of 
yield stress 36–43 Pa (0.0052–0.0062 psi) for self-consolidated UHPC; 
however, fiber alignment along the flow direction reduced by 10% with 
the increase of viscosity from 10 to 65 Pa⋅s (0.0014–0.0094 psi⋅s) and 
the corresponding increase of yield stress 14–17 Pa (0.002–0.0025 psi) 
for non-self-consolidated UHPC. 

It can be seen from this section that different practices of casting 
methods and procedures could largely affect the fiber orientation, which 
in turn affects the mechanical (especially tensile) properties of UHPC. 
Therefore, it is important to include the fiber orientation factors in the 
design of UHPC structures. Next section will focus on explaining the 
fiber orientation factors in different design codes and guidelines. 

3. Fiber orientation factors in different design codes and 
guidelines 

Since 2000 global standards organizations, code bodies, and pro-
fessional user groups have developed guidelines, standards, and codes 
for the materials, methods of construction, and the structural design of 
UHPC. In Europe, AFGC published “the Recommendation on Ultra-High- 
Performance Fiber-Reinforced Concrete (UHPFRC)” [23] in 2002, which 
was later revised and re-issued in 2013 [24] (AFGC Recommendation). 
Subsequently, in 2016 and 2018 the French Standards Institute (Asso-
ciation Française de Normalisation [AFNOR]) published three French 
standards on UHPC, i.e., NF P 18–710 (2016) [54], NF P 18–470 (2016) 
[55], and NF P 18–451 (2018) [56]. In 2014, the Swiss Society of En-
gineers and Architects (SIA) published SIA 2052: “Ultra-high perfor-
mance fiber reinforced concrete (UHPFRC) – Materials, design and 
execution (Béton fibré ultra-performant (BFUP); Matériaux, dimen-
sionnement et exécution” (SIA 2052) and the second edition of SIA 2052 
was made available in 2016 [57]. In Asia, the Japanese Society of Civil 
Engineers (JSCE) published “Recommendations for the Design and 
Construction of Ultra High Strength Fiber-Reinforced Concrete 
(UHSFRC)” in 2006 (JSCE Recommendation) [58]; the Korean Institute 
of Construction Technology (KICT) and Korea Concrete Institute (KCI) 
published their guidelines on UHPC entitled “Design Guidelines for Ultra 
High Performance Concrete (K-UHPC) Structure” in 2014 [59] and 
“Structural Design Guidelines of Fiber Reinforced SUPER Concrete” in 
2019 [60], respectively. In North America, the Canadian Standards 
Association (CSA) published “Concrete materials and methods of con-
crete construction/Test methods and standard practices for concrete” in 
2019 (CSA-A23) [61] with a UHPC guideline in Annex U, “Ultra-high- 
performance concrete (UHPC)”. The American Concrete Institute (ACI) 
subcommittee 239C published an Emerging Technology Report (ETR) 
on the structural design of UHPC (ACI ETR) [62]. The subcommittee is 
also currently working on drafting a guideline for the structural design 
of UHPC. Recently, the proposed version of the American Association of 
State Highway and Transportation Officials (AASHTO) guide specifica-
tion “AASHTO Load and Resistance Factor Design (LRFD) guide speci-
fication for structural design with ultra-high performance concrete, 
Version 1.0, 2021 (proposed version)” (AASHTO LRFD) [63] was also 
made available for public comments. 

In addition to the above-mentioned design codes, specifications, and 
guidelines that are specific to UHPC, this review also identifies several 
other guidelines and recommendations, which do not focus on UHPC but 
contain relevant information on fiber orientation and dispersion. These 
include “the fib Model Code for Concrete Structures 2010” (fib Model 
Code) [64] (and proposed fib Model Code 2020) published by the In-
ternational Federation for Structural Concrete (fib), AS 3600 “Concrete 
Structures” published by the Council of Standards Australia in 2018 (AS 
3600) [65], “Steel Fibre Reinforced Concrete” published by the German 
Committee for Reinforced Concrete (DAfStb) in 2012 and revised in 
2019 (DAfStb Guidelines) [66,67], and the Annex A8.1 (informative) 
Fibre-reinforced concrete (FRC) of “Canadian Highway Bridge Design 
Code” published by the Canadian Standards Association (CSA) in 2019 
(CSA-S6) [68]. 

Twelve relevant design codes and guidelines of UHPC are reviewed 
in this study with an emphasis on the methods to treat the effect of fiber 
orientation. The codes and guidelines are divided into four different 
categories: I) Codes and guidelines with well-defined fiber orientation 
design factors, II) Codes and guidelines with other fiber orientation 
design factors, III) Codes and guidelines without fiber orientation design 
factors, and IV) Codes and guidelines under development. Table 1 pro-
vides a summary on the fiber orientation factors in different design 
codes and guidelines. 
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3.1. Codes and guidelines with well-defined fiber orientation design 
factors 

3.1.1. AFGC Recommendation 
The Association Française de Génie Civil (French Association for 

Civil Engineering or AFGC) Recommendation on Ultra-High Perfor-
mance Fibre-Reinforced Concrete (UHPFRC) was first published in 2002 
[23] and later revised in 2013. These recommendations were intended 
to constitute a reference document serving as a basis for the use of UHPC 
as the new material in civil engineering applications. Since 2002, UHPCs 
have been increasingly used in the construction industry and extensively 
researched around the world. Therefore, AFGC published its revised 
edition in June 2013 [24] by rewriting the design regulations in 
accordance with Eurocode 2 [69]. 

The AFGC recommendation was the first to introduce the fiber 
orientation factor to address the effect of fiber dispersion and orienta-
tion. The factor is applied to the constitutive model of UHPC when 
conducting the structural design of UHPC structures. As per AFGC 
recommendation, the fiber orientation factor, i.e., K factor, is a 

reduction factor to take into account the difference between the fiber 
orientation of the cast prisms that are used to determine the material 
property in the laboratory and the actual orientation of the fibers in the 
structure. The AFGC recommendation requires a suitability test to be 
conducted prior to the construction of UHPC structures, during which a 
full-scale or scaled mock-up structure is constructed. Sawn-out prisms 
are then extracted from the mock-up structures at different critical lo-
cations in critical directions and tested under direct tension or flexural 
tests together with lab cast prisms to determine the K factor. Fig. 9 shows 
an example arrangement of sawn cut specimens to determine the K 
factors. 

Two K factors are defined: a global K factor (Kglobal) and a local K 
factor (Klocal). Kglobal is used when the overall effects in larger areas (for 
example, the shear or the bending strength of a slab) are of concern, 
which will not be affected by a local defect. On the other hand, Klocal is 
used when stresses of very localized areas (for example, prestressing 
stress distribution at anchorage zone) are of concern. Kglobal and Klocal 
can be obtained from the flexural or direct tensile test results of sawn 
and cast prisms as 

Table 1 
Summary of fiber orientation factors for UHPC from different recommendation/ guideline/code/standard.  

Serial 
No. 

Recommendation/ Guideline/Code/ Standard on UHPC Fiber Orientation Factors 

(I) Codes and guidelines with well-defined fiber orientation design factors 
1 AFGC Recommendation on Ultra-High Performance Fiber-Reinforced Concrete 

(UHPFRC) [23,24]  
• Kglobal and Klocal: the ratio between strength of lab cast specimens and sawn 

specimen from mock-ups  
• Used to modify the post-cracking strengths of UHPC  
• Suitability test to construct mock-ups is required 

2 French National Standards: 
(1) NF P18-710, National addition to Eurocode 2 - Design of concrete structures: 
specific rules for Ultra-high performance fibre-reinforced concrete (UHPFRC) 
(2016) [54], 
(2) NF P 18–470, Concrete - Ultra-high performance fibre-reinforced concrete- 
Specifications, performance, production and conformity (2016) [55], 
(3) NF P 18–451, Concrete - Execution of concrete structures - Specific rules for 
UHPFRC (2018) [56]  

• Kglobal and Klocal: the ratio between strength of lab cast specimens and sawn 
specimen from mock-ups  

• Used to modify the post-cracking strengths of UHPC  
• Suitability test to construct mock-ups is required 

3 fib Model Code for Concrete Structures (2010 [64] and 2020 proposed)  • K: ratio between the fiber orientation in real structures and lab cast specimen  
• In absence of suitability test, tabulated values are provided 

4 Canadian standards: 
Canadian Highway Bridge Design Code (2019) (CSA-S6) [68]  

• γF: the ratio between characteristic tensile properties of sawn specimens to lab cast 
specimens  

• Used to modify the post-cracking strengths and strains of UHPC  
• In absence of suitability test, tabulated values are provided 

(II) Codes and guidelines with other fiber orientation design factor(s), 
5 Swiss Guide: 

Swiss Institute of Engineers and Architects (SIA), Béton fibré ultra-performant 
(BFUP); Matériaux, dimensionnement et exécution (2016) (SIA 2052) [57]  

• General strength reduction factor: ηK = 0.90 or 0.75  
• Reduction factor considering the effect of member thickness: ηhU= 0.8 to 1.0  
• Used to modify the design tensile strengths of UHPC 

6 Australian Standard: 
Australian Standard of Concrete structures (2018) (AS 3600) [65]  

• Fiber orientation casting bias factor Ks = 0.64 used when calculating the fiber 
constribution to the ultimate shear strength of beams  

• Three-dimensional fiber orientation factors k3Dt =
1

0.94 + 0.6lf/b
≤ 1 and k3Dtb =

1
1 + 0.19lf/b

≤ 1 to modify the tensile test result and remove the effect of 

boundaries 
7 German Guideline: 

DAfStb Guideline on Steel fibre reinforced concrete (2012 and 2019) [66,67]  
• A reduction factor κf

F = 0.5 or 1  
• Used to modify the post-cracking strengths of steel fiber reinforced concrete 

(III) Codes and guidelines without fiber orientation design factors 
8 Japanese Recommendation: 

Recommendations for the Design and Construction of Ultra High Strength Fiber- 
Reinforced Concrete (UHSFRC) of JSCE (2006) [58]  

• The effect of fiber orientation is not explicitly considered, it is lumped in a material 
reduction factor 

9 Korean Guidelines: 
(1) KICT Design Guideline for K-UHPC (2014) [59] 
(2) KCl-M− 19− 006, The Structural Design Guidelines of Fiber Reinforced SUPER 
Concrete (2019) [60]  

• The effect of fiber orientation is not explicitly considered, it is lumped in a material 
reduction factor  

• The overall safety factor is matched with AFGC recommendation 

10 Canadian standards: 
Concrete materials and methods of concrete construction/Test methods and 
standard practices for concrete (2019) (CSA A23.1:19) [61]  

• The effect of fiber orientation is not explicitly considered  
• Certain construction procedures to be followed to achieve uniform fiber dispersion 

(IV) Codes and guidelines under development 
11 ACI 239C Emerging Technology Report (ETR) (2019) (Draft copy) [62]  • Fiber orientation factors KG and KL  

• Similar to AFGC recommendations 
12 AASHTO LRFD guide specification for structural design with ultra-high 

performance concrete 2021, Version 1.0 (proposed version) [63]  
• The effect of fiber orientation is not explicitly considered  
• Designers need to ensure proper construction procedure to achieve uniform fiber 

dispersion  
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Kglobal =
Mm,max,i

Ms,max,i
or

Fm,max,i

Fs,max,i
and Klocal =

Mm,max,i(
Ms,max,i

)

min

or
Fm,max,i(

Fs,max,i
)

min

;

where, Mm,max,i  = the mean value of maximum moment obtained by 
bending test on all individual cast specimens; Ms,max,i = the mean value 
of maximum moment obtained by bending test on all individual sawn 
specimens; (Ms,max,i)min= the minimum value out of all measured 
maximum moments obtained by the bending test of individual sawn 
specimens; Fm,max,i = the mean value of maximum force obtained by 
direct tension test on all individual cast specimens; and Fs,max,i = the 
mean value of maximum force obtained by direct tension test on all 
individual sawn specimens; (Fs,max,i)min = the minimum value out of all 
measured maximum force obtained by direct tension test on all indi-
vidual sawn specimens. 

The K factors should typically have a value of at least one. Without 
any direct test results, the designer can begin with the following K 
values: Kglobal = 1.25 for all loading other than local effects, and Klocal =

1.75 for local effects. 
The K factors are incorporated in the design constitutive laws for 

UHPC in the post-cracking stage. For example, Fig. 10 shows the tensile 
constitutive law for strain-softening and strain-hardening UHPC thick 
cross-sections; and the K factor is used as a dividing factor (reduction 
factor) to account for the undesirable effect of fiber orientation on the 
UHPC post-cracking tensile strength. 

The AFGC recommendation design procedure has been followed and 
verified by many real projects. In fact, the default values of K factors 
(Kglobal = 1.25, Klocal = 1.75) are based on the measured values in real 
projects [70]. 

3.1.2. French National Standards 
In France, the French National Standards include three documents 

that are relevant to the design of UHPC structures: NF P 18–710 (2016), 
“National addition to Eurocode 2 - Design of concrete structures: specific 
rules for ultra-high performance fibre reinforced concrete (UHPFRC)” 
[54]; NF P 18–470 (2016), “Concrete - Ultra-high performance fibre- 
reinforced concrete - Specifications, performance, production and con-
formity” [55]; and NF P 18–451 (2018), “Concrete - Execution of con-
crete structures - Specific rules for UHPFRC” [56]. 

NF P 18–710, which constitutes a national complement to Eurocode 
2, provides the requirements in terms of resistance, serviceability, 
durability, and fire resistance for buildings and civil engineering struc-
tures in unreinforced UHPC, reinforced UHPC, or prestressed UHPC. 
This standard is intended to be used in conjunction with the two other 
standards dealing with the topic of UHPCs, i.e., NF P 18–470 that deals 
more specifically with the UHPC material itself, and NF P 18–451 that 
sets out the provisions to be implemented for executing structures in 
UHPC. The technical concepts of these documents are based on the 
French AFGC recommendation (revised edition 2013) [24] and the 
technical feedback of more than 15 years of UHPC projects and 

Fig. 9. Example of sawn specimens to determine the K factor [23,24].  

Fig. 10. Tensile strength constitutive law of UHPC for thick cross-sections [23,24].  
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realizations. NF P 18–710 (2016) has been drafted by adapting Eurocode 
2 to the case of UHPC structures. The sections specific to UHPCs are 
mostly based on the “Structural design methods” section of the AFGC 
recommendations. 

The concept of the fiber orientation factor and suitability test 
introduced in the AFGC recommendation are adopted in full by the 
French National Standards NF P 18–470 (2016) and NF P 18–710 
(2016). 

3.1.3. fib Model Code 
The International Federation for Structural Concrete (fib) is the 

pioneering organization in the codification of the fib Model Code for 
Concrete Structures 2010 [64]. The objectives of the fib Model Code for 
Concrete Structures 2010 are to serve as a basis for future codes for 
concrete structures, and to present new developments with regard to 
concrete structures, related structural materials, and new ideas in order 
to achieve optimum behavior. Unlike AFGC recommendation, the fib 
Model Code (2010) does not cover any information related to UHPC. 
Instead, this code deals with fiber reinforced concrete (FRC) in Section 
5.6 and verification of the safety and serviceability of FRC structures in 
Section 7.7. Design recommendations, especially focusing on high and 
ultra-high strength fiber reinforced concrete, are currently in prepara-
tion and are expected to be included in the fib Model Code 2020. 

After AFGC recommendations (2002), the fib model code also 
introduced the concept of fiber orientation factor K. However, the fib 
Model Code 2010 did not provide a clear definition, calculation pro-
cedure, or the value range of the fiber orientation factor K. In general, as 
per fib Model Code (2010), when isotropic fiber distribution is assumed, 
the fiber orientation factorK = 1.0. For favorable effects, an orientation 
factorK < 1.0 may be applied if experimentally verified. For unfavorable 
effects, an orientation factorK greater than 1.0 must be experimentally 
determined and applied. 

The post-cracking residual strength provided by fiber reinforcement 
is considered in the structural design of FRC structures and this strength 
is modified by the K factors. The fib Model Code (2010) provides a 
stress-crack opening law (σ − w) under uniaxial tension to represent the 
post-cracking behavior of FRC. Two simplified σ − w constitutive laws 
may be deduced from the bending test results: a rigid-plastic behavior 
(rigid-plastic model), or a linear (linear model) post-cracking behavior 
(hardening or softening) as schematically shown in Fig. 11, where fFts 
represents the serviceability residual strength, and fFtu represents the 
ultimate residual strength. The K factor is used as a dividing factor 
(reduction factor) to consider the effect of fiber orientation in deter-
mining these tensile strengths values. 

Through private communications, the authors were informed that 
the K factor concept will be clarified and updated in the upcoming fib 
Model Code (2020). The formulation of the K factor in the fib Model 
Code (2020) is based on studies of Dupont and Vandewalle [33] and 
Kasper et al. [71], in which they considered that the average number of 

fibers in a specific direction to be:Nf = α0Vf/π d2
f

4 , where, Vf is the fiber 
volume fraction, df is the fiber diameter, and α0 is a factor representing 

the fiber orientation. Theoretically, α0 = 1 for 1D aligned fibers in the 
direction parallel to the fiber orientation; α0 = 0.5 for 3D random fiber 
orientation; etc. With this, the K factor is then defined as the ratio be-
tween the fiber orientation α0 in the actual structure and that in the 
standard beam specimen (assuming α0 = 0.58). In absence of a suit-
ability test, the K factor can be determined based on the geometry of the 
structural components. For example, Tables 2 and 3 shows the K values 
suggested for solid slabs and walls; and these values were derived 
theoretically by Dupont and Vandewalle [33] and Kasper et al. [71]. 

Although formulated differently, the K factor in the fib Model Code, 
which denotes the ratio between the effective number of fibers of sawn 
specimens and lab cast standard specimens, is essentially very similar to 
the inverse of Kglobal factor of AFGC Recommendation. Fib Model code 
provided tables for determining the K factors without enforcing suit-
ability tests, which could be due to economic considerations, as suit-
ability tests are generally costly. 

3.1.4. CSA-S6 
Canadian Highway Bridge Design Code (2019) (CSA-S6) [72] was 

published by Canadian Standards Association (CSA). CSA-S6 is based on 
limit states design principles and defines design loadings, load combi-
nations and load factors, criteria for earthquake resistant design, and 
detailed design criteria for various materials. The latest version of the 
CSA-S6, which was published in November 2019, introduced Annex 
A8.1 (informative) titled “Fibre-reinforced concrete (FRC)”. This Annex 
specifies the requirements for the design of structural components that 
are made of precast or cast-in-place FRC with prestressed or non- 
prestressed steel. The Annex covered prestressed members with pre- 
tensioned steel, or grouted post-tensioned steel, or both. The Annex 
also covered the behavior of tension softening FRC (TSFRC) and tension 
hardening FRC (THFRC). It should be noted that CSA-S6 does not cover 
the design of UHPC members. 

In the Annex A8.1 of CSA-S6, a fiber efficiency factor γF is intro-
duced. The γF is similar to the inverse of Kglobal factor of AFGC Recom-
mendation and CSA-S6 states that the post-cracking tensile properties 
shall be multiplied by the fiber efficiency factor γF to account for the 
actual fiber orientation and dispersion in structural components relative 
to the direction of applied tensile stresses. It is worth noting that this 
factor is only applicable to FRC when uniform fiber dispersion is not 
achieved, but not applicable to UHPC. The structural design of UHPC 
structures is covered in CSA-A23, which is discussed in detail in section 
3.3.3. CSA-A23 does not consider fiber orientation for UHPC design and 
does not recommend any fiber orientation factor. Rather, it considers 
random orientation of fibers followed by isotropic hardened properties 
of UHPC. 

The values of γF can be determined either by experiments or from the 
provided values. In the first approach, sawn prisms extracted from 
mock-up structures and lab cast prisms are tested under flexure, and γF is 
then calculated as the ratio of the characteristic post-cracking tensile 
property value obtained from sawn prisms to that of lab cast prisms. This 
is almost identical to the inverse of Kglobal factor in AFGC Recommen-
dation, except that measured characteristic values (10th percentile) are 
used instead of the averaged measured values in the calculation. 

Fig. 11. Simplified post-cracking constitutive laws: stress-crack opening 
(σ − w), (a) rigid-plastic model (b) linear model (continuous and dashed lines 
refer to softening and hardening post-cracking behavior, respectively)[64]. 

Table 2 
K values in longitudinal, vertical and transverse directions suggested for solid 
slabs [71].  

Longitudinal Vertical Transverse  

1.00  0.30  1.00  
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Another difference is the AFGC Recommendation only uses the 
measured (tensile or flexural) strength, while CSA-S6 calculates γF using 
more tensile properties (e.g., strain) and the final value is determined by 
the minimum value obtained for all properties. In absence of suitability 
tests and mock-ups, suggested values of γF are provided in the code. For 
example, for decks and slabs γF = 0.8 is suggested for both flexure and 
beam shear design, and γF = 0.6 is suggested for two-way action shear. 
The Commentary to CSA-S6 [72] referred to several literatures [73–75] 
which proposed the fiber efficiency factor and helped to determine the 
values of γF in absence of experimental data. 

The fiber efficiency factor in CAS-S6 is applied to post-cracking 
strength and strain properties in SLS (serviceability limit state), FLS 
(fatigue limit state), and ULS (ultimate limit state) design plastic 
stress–strain models of TSFRC and THFRC. For example, the SLS, FLS, 
and ULS design plastic stress–strain models of TSFRC and THFRC are 
shown in Figs. 12 and 13 respectively, and the fiber efficiency factor γF is 
applied to modify the post-cracking strength and strain properties in 
these models. 

3.2. Codes and guidelines with other fiber orientation design factors 

3.2.1. SIA 2052 
In December 2014, the Swiss Society of Engineers and Architects 

(SIA) published SIA 2052: “UHPC: Material, Design, and Construction 
(Béton fibré ultra-performant [BFUP]: Matériaux, dimensionnement et 
exécution)”. The second edition of SIA 2052 was made available in 2016 
[57]. The purpose of this technical guide is to regulate the use of UHPC 
in the production, sizing, and execution of load-bearing structures. The 
document provides rules for the design of non-reinforced, reinforced, 
and prestressed structures with UHPC. In addition, it provides a design 
methodology for composite structures of conventional reinforced con-
crete with UHPC thin bonded overlays. 

The SIA 2052 introduces two coefficients related to the orientation of 

the fibers in UHPC. The first one is ηK, a general strength reduction 
coefficient related to the fiber orientation, which depends on the 
structural element and the manufacturing process. Two values are pro-
vided for ηK: 1)ηK = 0.90 when considering overall behavior, in which 
case the redistribution of stresses is possible, such as in slabs or hyper-
static systems; 2) ηK = 0.75 when considering localized behavior such as 
in the anchoring zones. 

Another coefficient is ηhU, a coefficient considering the influence of 
the thickness of the UHPC layer or the thickness of the element as well as 
the manufacturing process on the orientation of the fibers, and the value 
can be determined using Fig. 14. 

As per SIA 2052 (2016), all the design strength parameters of rein-
forced UHPC under tension are modified by ηhU and ηk. For example, the 
design tensile strengths of UHPC are calculated as fUtud = ηtηhUηkfUtuk/γU 
and fUted = ηtηhUηkfUtek/γU, where, fUtud is UHPC design tensile strength 
value, fUtuk is the characteristic value of the ultimate tensile strength of 
UHPC measured by uniaxial tests of dog bone specimens, fUted is the 
design value of elastic tensile strength of UHPC, fUtek is the characteristic 
value of the elastic tensile strength of UHPC by uniaxial tests of dog bone 
specimens, ηt is the coefficient considering the duration of loading on 
UHPC, and γU is the resistance coefficient for structural safety (a design 
safety factor). 

Loser et al. [76] mentioned that the research effort at EMPA (Swiss 
Federal Laboratories for Materials Science and Technology, Dübendorf, 
Switzerland) seemed to be concurrent with the development of SIA 2052 
and provided a validation of the code procedures. The experience of 
experimental investigation on tensile capacity of UHPC by Loser et al., 
demonstrated that only a well-controlled fiber orientation resulted in 
reproducible and desirable mechanical performance under uniaxial 
tensile tests. However, these results can only be directly transferred to 
structures for the case of slender members loaded in tension. In the case 
of slabs, the fiber orientation is at least 2D, invariably resulting in lower 

Table 3 
K values in longitudinal, vertical and transverse directions suggested for walls 
[71].  

Middle End 

Longitudinal Vertical Transverse Longitudinal Vertical Transverse 

Bottom  1.25 0.42  0.42  0.92  0.42  0.42 
Center  1.00 0.50  0.42  0.83  0.56  0.50 
Top  0.83 0.0.50  0.27  0.67  0.67  0.50  

Fig. 12. Design plastic stress–strain models for TSFRC [68].  

Fig. 13. Design stress–strain model for THFRC at ULS [68].  
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mechanical properties. This confirmed the need for consideration of the 
fiber orientation of structural members in the design code. Thereby, in 
the SIA 2052 (2016) guidelines, two reducing factors ηk and ηhU were 
introduced. However, the EMPA study also indicated that comparing 
these factors with the results from Loser et al., a preliminary conclusion 
can be drawn that they do not appear to be conservative. 

3.2.2. AS 3600 
The Australian Standard AS 3600 Concrete Structures (2018) [65] 

was prepared by Standards Australia Committee BD-002. The principal 
objective of this standard is to provide the users with nationally 
acceptable unified rules for the design and detailing of concrete struc-
tures and members, with or without steel reinforcement or prestressing 
tendons, based on the principles of structural engineering mechanics. In 
this edition, Section 16 (Steel Fibre Reinforced Concrete [SFRC]) and 
Appendix C (Residual Tensile Strength Test for SFRC) were added to 
address the specification related to SFRC. This guideline does not focus 
on UHPC, however, these sections provide relevant information on the 
fiber orientation factors. 

There are three fiber orientation factors introduced in this standard, 
Ks, k3Dt , and k3Db. There is a significant contribution of the research by 
Frank J. Vecchio [77] and S.J. Foster [78–80] to enrich the SFRC part of 
AS 3600. Their analyses and formulation of the fiber orientation factors 
based on the experimental data of the four-point flexural test and direct 
tensile test helped to estimate the influence of boundary surface in SFRC 
structures. 

The term Ks is defined as fiber orientation casting bias factor and the 
value is taken as 0.64. The value of Ks is considered a constant in this 
standard. This factor is only used when calculating the contribution of 
the fibers to the ultimate shear strength (Vuf ) of an SFRC beam. The fiber 
orientation factor, Ks, is determined by the probability of the fiber 
crossing the fracture plane, a 2D space, and is affected by the shape of 
the domain. At the boundary surface, because out-of-plane fiber in-
clinations are assumed not to be allowed, the fiber orientation is 
assumed to be 2D (Ks = 0.64 ) [79], which was adopted in the AS 3600. 
However, the Ks = 0.64 may be too conservative. After analyzing the 
shear behavior of SFRC beam from flexural tests, it was shown in Foster 
et al. [80] that the value of Ks could be taken as 1.0 if there was no bias 
between the prism bending test results and structural behavior. Taking 
Ks as 0.82 (as adopted in [81]) provides a reasonable degree of 
conservatism and Foster et al. [80] further reported that a value of 0.70 
provided more appropriate conservatism for design. 

The term k3Dt is the three-dimensional orientation factor which is 
calculated using the following formula based on the dimension of the 
fibers and the specimen: k3Dt = 1

0.94+0.6lf /b ≤ 1; where lf is the length of 
steel fiber and b is taken as the average of the width and depth of the 
specimen at the critical section. During the determination of residual 
tensile strength of strain-softening SFRC by direct tension test, strength 
results are multiplied by the three-dimensional orientation factor k3Dt . 
This factor removes the influence of the boundaries on the fiber distri-

bution and converts the results of the test to a state where the fibers can 
be considered to be randomly orientated in three-dimensional space. 
This factor was adapted from Lee et al. [77,82]. Lee et al. used a similar 
procedure as the fib Model Code (2020) to model the distribution of the 
fibers in different sections. They consider that the fiber orientation 
varies in regions where the distance to a boundary surface is less than 
the fiber length because the fiber inclination angle is affected by the 
surface. They also proposed a Diverse Embedment Model (DEM) for 
modeling the behavior of FRC in tension which considered the pull-out 
behavior of fibers and the fiber distributions and verified their model 
with experimental results. From this work, they also evaluated the 
average fiber orientation factors in 3D sections as a function of lf/b, 
which is the basis of the three-dimensional orientation factor in AS 
3600. 

AS 3600 requires that the testing should be performed in a laboratory 
accredited by the National Association of Testing Laboratories (NATA). 
In the case of testing using an independently approved and verified 
testing method, the residual tensile strength results obtained from the 
direct tension test shall be multiplied by another three-dimensional 
orientation factor k3Dtb, where k3Db = 1

1+0.19lf /b ≤ 1. 

3.2.3. DAfStb guideline 
The German Committee for Reinforced Concrete (Deutscher Aus-

schuss für Stahlbeton, DAfStb) published the first draft of the DAfStb 
Guideline on Steel fibre reinforced concrete in 2012 [66] and the second 
draft in 2019 [67]. The guideline regulates the properties and applica-
tions of SFRC that are not covered by Eurocode 2 [69]. 

DAfStb guideline for SFRC also introduces a κf
F factor to take into 

account the fiber orientation. However, only two values are provided for 
κf

F:κf
F = 0.5 for flat, horizontal, or planar components; and κf

F = 1.0 for 
bending and tensile loads in beams. The stress–strain constitutive law of 
SFRC in the tensile area for analysis and deformation calculation using 
non-linear methods is shown in Fig. 15. The curve increases linearly up 
to fctm (the tensile strength of SFRC) followed by a drop to 1.04 f f

ctR,L1 

and maintains a plateau until 0.35 % strain, and then decreases linearly 
to 1.04 f f

ctR,L2 at 2.5 % strain. Here, the post-cracking tensile strengths 
f f

ctR,L1 and f f
ctR,L2 are calculated from the measured values obtained 

from uniaxial tension tests of dog bones with modifications using κf
F. 

In the DAfStb Heft 614–2016 (Commentary on the DAfStb guideline 
“Steel Fibre Reinforced Concrete”) [83], the orientation factors 
described in DAfStb guideline are further clarified. The factor kf

F takes 
into account the orientation of the fibers in the direction of the flow of 
the concrete. A factor kf

F  = 1.0 means that the fiber orientation in the 
structural element is comparable to that in the standard lab cast beam 
specimens. The fiber orientation in horizontally cast plane members 
subjected to bending is generally favorable because it is in the direction 
of the principal tensile stresses. Therefore, kf

F shall be taken as 1.0. On 
the other hand, if the specimens are cast such that the fiber orientation is 

Fig. 14. Coefficient for taking into account the thickness (hu) of the element and the manufacturing process [57].  
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unfavorable with respect to the structural stresses acting on a member, 
kf

F shall be taken as 0.5. This is the case for vertically cast walls that are 
subjected to bending around the horizontal axis, where the fiber 
orientation is perpendicular to the tensile stress direction (Fig. 16). 

This code considers only two values for the fiber orientation factor, 
which represent the very basic conditions. Researchers and engineers 
have later commented that it is necessary for the scientific committee of 
the DAfStb guideline to consider other parameters (wall effects, concrete 
flowability, casting and compaction processes, fiber material, and 
structure geometry) that control the fiber orientation and revise the fiber 
orientation factors [84]. 

3.3. Codes and guidelines without fiber orientation design factors 

3.3.1. JSCE Recommendation 
In 2004, the Concrete Committee of the Japan Society of Civil En-

gineers (JSCE) published the “Recommendations for Design and Con-
struction of Ultra High Strength Fiber Reinforced Concrete Structures 
(Draft)” in Japanese language and the English version was published in 
2006 [58]. The publication of the recommendation aimed to promote 
the utilization of UHPC as an innovative construction material. 

The JSCE recommendation does not provide any factor to explicitly 
consider the orientation of fiber in the design of UHPC structures, rather 

they consider an overall material factor (i.e. material reduction factor γc) 
to accounts for all uncertainties regarding the material properties, which 
is similar to the approach of the partial safety factor in the Eurocode 2. 
The material reduction factor is used in conjunction with a separate 
member reduction factor (γb) that accounts for the uncertainty 
regarding structural geometry and design to ensure the overall safety of 
the design. The JSCE Recommendation stated that the material factor of 
the tensile strength shall be determined taking into account the orien-
tation of the reinforcing fibers. In general, the material factor of UHPC 
can be set to 1.3 to evaluate ultimate limit state, and 1.0 to evaluate 
service limit state. The JSCE recommendation suggests that in designing 
a structure using UHPC under ultimate state, setting the material factor 
γc = 1.3 is sufficient to secure the safety of the UHPC structure. However, 
in actual practice, the material reduction factor may be determined 
through a variety of tests using either actual concrete or models, and a 
close study of the fiber orientation. In fact, JSCE Recommendation also 
referred to the concept of a suitability test in the AFGC Recommenda-
tion, for determining the actual fiber orientation effect. Section 3.3.2 
includes a comparison showing that the overall reduction factor of the 
JSCE Recommendation is also close to the overall factor of AFGC 
Recommendation. 

Fig. 15. Stress–strain curve of SFRC in the tensile area for analysis and deformation calculation using non-linear methods [66,67].  

Fig. 16. Explanation of factors kf
F [83].  
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3.3.2. Korean Guidelines 
The Korean Institute of Construction Technology (KICT) established 

the “Design Guidelines for Ultra High Performance Concrete (K-UHPC) 
Structure” in 2014 [59] based upon the structure and contents of the 
Korea Concrete Institute (KCI) “Structural Concrete Design Code” 
(2012) [85]. This provisional guideline specifies the minimal re-
quirements necessary to secure the safety, serviceability, and durability 
of structures using the Ultra High Performance Concrete developed by 
KICT (hereinafter referred to as K-UHPC). 

The KCI also published the “Structural Design Guidelines of Fiber 
Reinforced SUPER Concrete” in 2019 [60]. This guideline is also struc-
tured with reference to the “Structural Concrete Design Code” (2012) 
[85]. It compiled the latest research conducted worldwide on UHPC as 
well as the achievements of the project “Development of SUPER Con-
crete with Compressive Strength of 80 ~ 180 MPa and its Applications 
(Super Structure 2020)” performed by KICT and were prepared by 
comparative analysis with the structural design codes on UHPC pub-
lished worldwide. This guideline is to specify the minimum re-
quirements necessary to secure the safety, serviceability, and durability 
of structures using high performance fiber reinforced concretes with 
compressive strength of 120 MPa (17,400 psi), 150 MPa (21,750 psi), 
and 180 MPa (26,100 psi) (hereinafter referred to as fiber-reinforced 
SUPER Concrete or FRSC) developed by the SUPER STRUCTURE 2020 
Research Group. 

Both the KICT and KCI guidelines follow the concept of the material 
reduction factor similar to JSCE Recommendation (detailed in 3.3.1). 
Table 4 presents the material reduction factor ϕc values for K-UHPC and 
FRSC in these documents. The material reduction factor is used to 
modify the characteristic compressive and tensile strength of K-UHPC 
and FRSC. In the structure design procedure, a separate member 
reduction factor ϕ is also used to account for the uncertainty regarding 
the structural geometry and design. Due to insufficient experimental 
data to find out appropriate fiber orientation factors, the Final Report on 
FRSC [86] proposed to revise the member reduction factor in KICT and 
KCI guidelines to match the overall reduction factor in UHPC designs to 
that of AFGC Recommendation. Reflecting that change, a comparison 
between the overall safety factors of JSCE Recommendation, KICT, and 
KCI guidelines, and the AFGC Recommendation using example of shear 
design are provided in Table 5, and the overall safety factors are fairly 
similar. 

3.3.3. CSA-A23 
CSA-A23 “Concrete materials and methods of concrete construction/ 

test methods and standard practices for concrete 2019” [61] provides 
the requirements for materials and methods of construction for cast-in- 
place concrete, concrete precast in the field, and residential concrete 

used in the construction of buildings. The Annex U of CSA-A23 provides 
information for materials and methods of construction for the use of 
UHPC for cast-in-place concrete and precast concrete. The CSA-A23 
provides the following model for tension softening UHPC (TSUHPC) 
and tension hardening UHPC (THUHPC) as shown in Fig. 17. For UHPC, 
the fiber efficiency factor defined in CSA-S6 (detailed in Section 3.1.4) is 
not applicable. Rather, uniform fiber dispersion and random fiber 
orientation is assumed. The document also specified certain construc-
tion procedures to be followed in order to ensure adequate fiber 
dispersion. 

3.4. Codes and guidelines under development 

3.4.1. ACI ETR 
The ACI 239C “Structural Design of Ultra-High Performance Con-

crete (UHPC)” subcommittee was formed in 2015 with the mid-term 
goal of developing a new structural design guide for UHPC. With the 
effort of the subcommittee, an Emerging Technology Report (ETR) on 
the structural design of UHPC was prepared. The ACI 239C ETR [62] 
provides an overview of the structural design of UHPC. It briefly in-
troduces UHPC properties and design principles. The ETR is not inten-
ded to provide mandatory design rules, but rather to serve as a starting 
point for the structural engineers to understand design methodologies 
for this class of materials. This ETR integrates national and international 
experiences with UHPC and utilizes recent experimental and computa-
tional research to describe a design basis that advances UHPC design and 
construction. Structural design considerations for cast-in-place concrete 
and precast construction methods are noted. Although, the document 
does not cover or develop new test or construction methods. 

The ACI 239C ETR [62] noted the concept of fiber orientation factors 
and suitability tests from AFGC Recommendations and French national 
standard (NF P 18–470 and NF P 18–710). In the ETR, the local and 
global fiber orientation factors are denoted as KL and KG, respectively, 
and are defined as follows: 

KL: a factor calculated by comparing the flexural strength of a molded 
specimen to that of a cast specimen to determine the local impact of 
random fiber orientation (AFGC Recommendation). 

KG: a factor calculated by comparing the flexural strength of a mol-
ded specimen to that of a cast specimen to determine the global impact 
of random fiber orientation (AFGC Recommendation). 

The ACI 239C ETR recommends following the procedure in AFGC 
Recommendation to calculate the KL and KG and considered KL = 1.7 and 
KG = 1.3 when lacking a suitability test. Currently, only the ballot [62] 
copy of the ACI 239C ETR is available, and it does not provide detailed 
information about the application of the fiber orientation factor in 
structural design. 

Table 4 
Material reduction factor for K-UHPC and FRSC.  

Material condition KICT Guideline [59] KCI Guideline [60,86] 

Material reduction factor in K-UHPC 
ϕc 

Material reduction factor in FRSC 
ϕc 

Compression  0.91 1.00 (SLS) 
0.80 (ULS) 

Tension  0.80 1.00 (SLS) 
0.80 (ULS)  

Table 5 
Comparison of the design safety factors for shear design in different UHPC guidelines.   

KICT and KCI Design Guidelines (as per Final Report on FRSC 2020 [86]) AFGC Recommendation [24] JSCE Recommendation [58,87] 

Reduction Factors  Member reduction factor ϕ  = 0.80 
Material reduction factor ϕc = 0.80 

γcγE = 1.3 (safety factor) 
Fiber orientation factor (Kglobal) = 1.25 

Member factor γb = 1.3 
Material factor γc = 1.3 

Overall safety factor 0.80 × 0.80 = 0.640 1/(1.25 × 1.3) = 0.615 1/(1.3 × 1.3) = 0.592  
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Currently, the committee ACI 239C is working on a structural design 
guideline on UHPC. The characterization of the mechanical properties of 
UHPC will be covered in a separate ACI Guide on Materials and Methods 
of Construction for UHPC. These documents are still under development. 

3.4.2. AASHTO LRFD 
The proposed version of AASHTO LRFD guide specification for 

structural design with ultra-high performance concrete, (AASHTO 
LRFD) [63] is developed in consultation with AASHTO CBS T-10 
(Structural Concrete Design) and developed by researchers at the Fed-
eral Highway Administration (FHWA) Turner-Fairbank Highway 
Research Center. The provisions in this document apply to the design of 
the bridge and ancillary structures constructed by UHPC. 

The proposed version of AASHTO LRFD does not directly consider 
the orientation of fiber in the design of UHPC structural members. It 
generally assumes that fibers are uniformly dispersed and randomly 
oriented in the structure, and the design equations are established based 
on the average behavior of the structural elements tested in the labo-
ratory [88,89]. However, the guide specification also recognizes that the 
tensile resistance behavior of UHPC is dependent on the distribution and 
orientation of the fiber reinforcement in the UHPC, which relies on the 
use of appropriate construction methods to ensure that the fiber rein-
forcement is evenly dispersed throughout the member and does not 
exhibit an undesirable orientational preference. It also mentions that 
design professionals should require the use of appropriate construction 
methods and casting procedures to ensure adequate fiber dispersion and 
should avoid disturbance of fiber distribution during the construction. 

4. Perspectives and recommendations 

Among all the recommendations and standard documents, the AFGC 
Recommendation and the French National Standards provide the most 
reliable methods to directly measure the effect of fiber orientation. The 
K factor concept is straightforward for the design engineers to adopt in 
their design process, and the formula is generic for all structural types 
and geometries. It also best reflects the actual effect of fiber orientation 
on the mechanical behavior of the sections with minimal assumptions. 
The K factor and associated suitability test design procedure allow for 
modification of the casting procedure to improve the design (i.e., 
revising the casting procedure in search of a lower K value) during trials, 
and in turn have been successfully implemented in many UHPC projects 
in France. However, at the same time, the mandatory suitability tests 
increase the cost of UHPC structures, especially when iterative steps are 
desired to modify the casting procedures. This could be the main reason 
that many professional organizations and/or code bodies are hesitant to 
fully adopt this approach. To compensate that, the fib Model Code and 
CSA-S6 provide alternative ways of determining the fiber orientation 
factors based on theoretical values and/or past experimental data rather 
than mandating expensive suitability tests. The several other design 
codes and specifications (e.g., codes and specifications from Germany, 
Switzerland, Australia, Japan, and South Korea), although having their 
own version of fiber orientation factors (or design factors accounting 

that effect), are not as comprehensive as the AFGC Recommendation in 
addressing the effect of fiber orientation, and the accuracy of their 
design factors have also been questioned. 

On the other end of the spectrum, the UHPC design codes in North 
America (i.e. CSA-A23 and AASHTO LFRD proposed version) do not 
explicitly consider the effect of fiber orientation. Instead, they assume 
random fiber orientation in the design and leave it to the designers to 
ensure that is achieved during the construction process. This is based on 
the rationale that AASHTO LRFD is written as a performance-based 
design code, not a construction specification. Therefore, it only out-
lines the required performance for these structural members, not 
necessarily including all the measures to achieve the performance. In 
Canada, specification regarding construction of UHPC members is pro-
vided in CSA-A23. In the U.S., it is likely that AASHTO will develop a 
separate construction specification to address the construction related 
requirements. Another rationale behind this is that in highway and 
bridge structures, the section sizes are generally much larger than those 
in building structures, the effect of fiber orientation may not be as sig-
nificant as those in some narrower building elements. However, this may 
not be entirely true as many prior projects have indicated that the fiber 
orientation effect may be significant even in bridge elements. For 
example, several projects in France have found that the K factors were 
much greater than 1 for bridge elements [70]. 

Although the proposed performance-based AASHTO LRFD for UHPC 
allows for more design freedom, this could cause concerns and frustra-
tions among the design practitioners and precasters, as they are 
responsible for ensuring the design assumption that the fibers are 
randomly oriented in the structures. This could be a rather difficult task 
given that very limited information existed in the literature. Based on 
our review, only limited studies quantified the influence of casting 
procedures and specimen geometries on the fiber orientation and 
structural performance of UHPC members, identified the preferred way 
for casting different type of members (e.g. end casting for longitudinal 
beams vs. center casting for flat slabs), or developed casting devices to 
promote better fiber alignment. These studies do not focus on typical 
bridge sections, nor do they provide any specific guidelines for the 
construction of UHPC elements. In this circumstance, trial casting of 
mock-ups may still be needed, which has been the case for many current 
UHPC projects. For example, Florida Department of Transportation 
(FDOT) has been conducting mock-up tests for all their UHPC structural 
projects. 

Several future works could contribute towards addressing the fiber 
orientation problems. For example, fiber orientation evaluation on 
mock-ups of typical UHPC bridge sections could be performed to un-
derstand the typical fiber orientation in these standard shapes, espe-
cially at critical locations where the geometry is complex and/or where 
rebars may interrupt the fiber orientation. Based on the results, fiber 
orientation factors, such as K factors, could be proposed for these typical 
sections, especially in the design to account for the effect of non-random 
fiber orientation. Alternatively, certain casting procedure that includes 
specific casting directions, use of special casting device, or modification 
of mixture rheology, could be prescribed to ensure random and/or 

Fig. 17. Stress–strain and stress-crack width diagrams of (a) THUHPC and (b) TSUHPC [61].  
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preferential fiber orientation. This information could be used for all 
future projects that involve sections of similar geometries, eliminating 
the need for repeated suitability tests. This will certainly increase the 
confidence of the design engineers and precasters in their design and 
construction of UHPC structures. In addition, more fundamental work is 
needed to determine the influence of rebar arrangements, rheology, 
fiber aspect ratio, and casting device on the fiber orientation in real scale 
structures. This fundamental research will also help find the optimal 
casting procedures for typical bridge sections. 
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