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Abstract 

Ledge beams are employed as the primary girders in numerous existing bridges, parking garages and high‑rise 
buildings. No experimental investigations have been reported on Ultra‑High Performance Fiber Reinforced Concrete 
(UHPFRC) ledge beams yet. This paper presents an experimental and numerical program to investigate UHPFRC ledge 
beams with various ratios of ledge tie reinforcement. The experimental program included eight full‑scale ledge beams 
constructed from UHPFRC with concrete cube compressive strength of 146.1 MPa. The results revealed that failure 
modes of tested specimens depend mainly on ledge tie reinforcement. Increasing the ledge tie reinforcement ratio 
in specimens led to a significant enhancement of the ultimate strength and overall stiffness. The presence of ledge 
ties at the minimum ratio specified by the codes contributed to an approximate 65.0% increase in the ultimate load. 
The estimated failure modes for specimens using (AASHTO–LRFD 2020) and Strut‑and‑Tie Model (STM) according 
to (ACI 318‑2019) were identical with experiments, while the predictions of (PCI 2020) were not identical with 50.0% 
of the experimental results. The predictions of ultimate strength of specimens based on the equations of (PCI 2020) 
and STM according to (ACI 318‑2019) were conservative. A three‑dimensional numerical model was proposed to pre‑
dict the complete response of the tested UHPFRC ledge beams.

Keywords Ledge beams, Ledge tie reinforcement, Ultra‑High Performance Fiber Reinforced Concrete (UHPFRC), 
Strut‑and‑Tie Model (STM), Codes, Failure modes, Numerical model

1 Introduction
Reinforced concrete ledge beams are one of the common 
structural systems for numerous existing bridges and 
parking garages. When there are two ledges from both 
sides, it is referred to as an inverted T-beam, while when 
there is only one ledge from one side, it is referred to as 
an inverted L-beam. Ledge beams are often used in the 
construction of bridges to improve the available clear-
ance. In multistory buildings, ledge beams are utilized on 

typical floors to reduce the height of the building. Using 
ledge beams causes large savings in the total cost of the 
structure. These beams play a crucial role in supporting 
the lateral secondary precast beams or slabs (Deifalla & 
Ghobarah, 2014; Galal & Sekar, 2008; Lotfy & El Madawy, 
2023; Mirza & Furlong, 1983).

The behavior of the ledges is one of the main issues that 
arise when designing ledge beams. Although they have 
a better profile, the complicated load transfer mecha-
nism makes designing beams with ledges difficult. Ledge 
beams experience non-uniform distribution of loads due 
to their geometry, which affects how forces are transmit-
ted through the beam. In comparison to conventional 
rectangular or T-beams, the behavior of ledge beams is 
more complex. Ledge beams have more factors to con-
sider, such as the interaction between the main beam 
and ledge, shear forces, bending moments, and potential 
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stress concentrations that arise from the ledge’s presence 
(Larson et al., 2013).

Several experimental and numerical investigations 
were reported on the behavior of normal reinforced 
concrete ledge beams (Deifalla & Ghobarah, 2014; 
Galal & Sekar, 2008; Garber et  al., 2017; Hedia et  al., 
2020; Larson et  al., 2013; Mirza & Furlong, 1983; Sal-
man et al., 2019; Varney et al., 2015; Zhu et al., 2003). 
Yousef et  al. (2022) presented a data-driven machine 

learning (ML) framework for predicting ultimate shear 
strength and failure modes of normal reinforced con-
crete ledge beams. Previous experimental tests of these 
beams were collected with different loading, geomet-
ric and material properties. The database was analyzed 
using different ML algorithms to identify the govern-
ing and critical parameters of reinforced concrete 
ledge beams. The results showed that ML framework 
can effectively identify the failure mode of these beams 

Fig. 1 STM of ledge beam
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either web shear failure, flexural failure or ledge failure. 
ML framework could also derive equations for predict-
ing the ultimate strength for each failure mode.

Few international codes give guidelines and limita-
tions for the design of reinforced concrete ledge beams. 
In the USA, AASHTO–LRFD (2020), PCI (2020), and 
strut-and-tie model (STM) according to ACI318-(2019) 
include provisions for the analysis and design of ledge 
beams.

Recently, UHPFRC has become attractive in buildings 
and bridge construction. Designers can create shorter 
spans and thinner sections thanks to the utilization 
of UHPFRC (AFGC, 2013; Akeed et  al., 2022; Hassan 
& Elmorsy, 2021; JSCE, 2006; K-UHPC, 2012; Tah-
wia et  al., 2022; Yoo & Yoon, 2016). Unlike traditional 
concrete materials, which can be brittle and prone to 
cracking under stress, UHPFRC can deform without 
fracturing. This means that it can absorb energy and 
distribute loads more efficiently, which can help to 
reduce the risk of sudden failure or collapse in struc-
tures. Another advantage of UHPFRC is its workability. 
While UHPFRC is a very strong and durable material, 
it can also be poured and molded into different shapes 
and sizes. The designers and builders have more flexi-
bility in creating structures with complex geometries or 
unique features (Baby et  al., 2014; Lim & Hong, 2016; 
Voo et al., 2010; Yang et al., 2012; Yousef et al., 2018). 
UHPFRC is also a sustainable material option for con-
struction projects. Because it is so strong and durable, 
structures built with UHPFRC can have a longer lifes-
pan, which reduces the need for frequent repairs and 
replacements. In addition, UHPFRC can be made with 
locally sourced materials, which can help to reduce 
the carbon footprint associated with transportation. 
UHPFRC can also improve the aesthetic quality of 
structures. Its smooth surface finish and high-quality 
appearance can enhance the visual appeal of buildings 

and other structures (Qiu et al., 2020; Singh et al., 2017; 
Solhmirzaei et al., 2020).

Extensive investigations had studied the behavior of 
UHPFRC ordinary reinforced concrete beams (Al-Enezi 
et al., 2023; Chang et al., 2021; Chen et al., 2022; El-Helou 
& Graybeal, 2022; Elmorsy & Hassan, 2021; Elsayed 
et al., 2022; Said et al., 2022; Sawicki & Brühwiler, 2024; 
Sun et  al., 2023; Wille et  al., 2011; Yousef et  al., 2023). 
Until now, this paper presents the first experimental and 
numerical research on UHPFRC ledge beams.

In this paper, numerical model and experimental tests 
were conducted to investigate the behavior of UHPFRC 
ledge beams with fcu = 146.1 MPa under various ratios of 
ledge tie reinforcement. Ledge beams were subjected to 
vertical loads on their ledges. The experimental results 
were used to examine the provisions of AASHTO–LRFD 
(2020), PCI (2020), and ACI318-(2019) for UHPFRC 
ledge beams. A three-dimensional numerical model was 
proposed to anticipate the performance of UHPFRC 
ledge beams.

Table 1 Design equations used by AASHTO–LRFD 2020 for ledge beams

*Vu ≤ K1f
,
cAcv,Vu ≤ K2Acv

**Vu ≤ 0.165
√
fc ′bf df +

Ahr fyhr
shr

(W + 2df )

Type of failure Equations for strength limit state

Shear friction* Vu = cAcv + µ(Avf fyl + Pc)

Flexural Vu =
Avf ∗fyl∗de−Nuc∗(h−de)

av

Yield of hanger reinforcement** Vu =
Ahr fyhr
2shr

(W + 3av)

Vu =
Ahr fyhr
shr

S

Punching shear Vu = 0.328
√
fc ′(W + 2L+ 2de)de;c > 0.5s

Vu = 0.328
√
fc ′(W + L+ de)de; c < 0.5sandc − 0.5w < de

Vu = 0.328
√
fc ′(0.5W + L+ de + c)de; c < 0.5sandc − 0.5w > de

Local failure under bearing plate Vu = 0.85fc ′A1m

Table 2 Design equations used by PCI 2020 for ledge beams

*Vu ≤ 0.3�fc ′Acv , Vu ≤ 6.9�Acv

Type of failure Equations for strength limit state

Shear friction* Vu =
√

6.9�AcvµAvf fyl

Flexural Vu =
Avf fyl de−Nuchl

a

Yield of hanger reinforcement Vu =
Ahrsfyhr
mhr

Punching shear For S > W + hl

Vu = 0.25λ 
√
fc ′ hl [ 2(bl–bw) + W + hl]

Vu = 0.1λ 
√
fc ′ hl [ 2(bl–bw) + W + hl + 2de]

For S < W + hl

Vu = 0.125λ 
√
fc ′ hl [ 2(bl–bw) + W + hl + S]

Vu = 0.08λ 
√
fc ′ hl [ (bl–bw) + (W+hl

2

) + de + S]

Local failure under bearing plate Vu = 0.85Cr fc ′A1m ≤ 1.1fc ′A1
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This study offers a significant contribution to the field 
of structural engineering by investigating the behavior 
of UHPFRC ledge beams, which is an area that had not 
been extensively researched in the past. The experimen-
tal tests and numerical model proposed in this paper can 
serve as a basis for future research and development of 
new design methods and guidelines for UHPFRC ledge 
beams.

2  Codes Provisions for the Design of Ledge Beams
2.1  Capacity of Ledge Beams
Ledge beams inherit both static and geometric disconti-
nuity due to their function and geometry. The change in 
geometry from the flange to the web creates stress con-
centrations and discontinuities in the load transfer path. 

In addition, the load distribution within ledge beams 
occurs in three dimensions, with forces being transferred 
both horizontally and vertically. The horizontal flange 
of the ledge beam resists bending moments, while the 
vertical web resists shear forces and provides support. 
The load transfer mechanisms in ledge beams involve 
complex interactions between bending, shear, and axial 
forces.

According to ACI318-(2019), stress discontinuities are 
typically designed using STM due to the three-dimen-
sional flow of forces and the abrupt change in geom-
etry, as shown in Fig. 1. For simplicity, the load transfer 
mechanism in STM of ledge beams can be broken down 
into two-dimensional models. One of these models is the 
beam’s cross section, as shown in Fig. 1b, while the other 

Fig. 2 Details of reinforcement of tested specimens
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is the longitudinal direction, as shown in Fig. 1c. In cross-
sectional analysis, the load transfer mechanism focuses 
on the forces and moments acting within the cross sec-
tion of the ledge beam and considers the distribution of 
loads and the resulting internal stresses and deforma-
tions. The longitudinal load transfer analysis deals with 
the transfer of loads along the length of the ledge beam. 
It considers how the loads are distributed and transferred 
from one support to another.

To make sure that a secure design using STM: (a) all 
strut-to-node interfaces (STNI) should be examined for 
sufficient strength; (b) it must be checked that the ledge 
will not shear off the web; (c) to generate a suitable area 
of steel reinforcement and development length across 
nodal regions, all ties must be specified; and (d) support 
bearings have to be examined to make sure that there is 
appropriate strength between the bearing pad and the 
member (Garber et al., 2017; Varney et al., 2015).

Table 3 Details of tested specimens

Specimen fcu
MPa

fc
’

MPa
Web Ledge

Dims Stirrups Hangers Longitudinal 
bars

Dims Ledge ties Longitudinal 
bars

bw x hw
mm

sv
mm

dbw
mm

shr
mm

dbhr
mm

Top Bottom bl x hl
mm

sl
mm

dbl
mm

μl
%

Top Bottom

BLU1 146.1 133.4 240 × 500 90 18 160 18 2D22 4D22 200 × 150 160 8 0.24 2D12 2D22

BLU2 146.1 133.4 240 × 500 90 18 160 18 2D22 4D22 200 × 150 160 10 0.38 2D12 2D22

BLU3 146.1 133.4 240 × 500 90 18 160 18 2D22 4D22 200 × 150 160 6 0.13 2D12 2D22

BLU4 146.1 133.4 240 × 500 90 18 240 18 2D22 4D22 200 × 150 240 6 0.09 2D12 2D22

BLU5 146.1 133.4 240 × 500 90 18 300 18 2D22 4D22 200 × 150 300 6 0.07 2D12 2D22

BLU6 146.1 133.4 240 × 500 90 18 300 18 2D22 4D22 200 × 150 – – – 2D12 2D22

BLU1‑70 146.1 133.4 240 × 500 90 18 70 18 2D22 4D22 200 × 150 70 8 0.55 2D12 2D22

BLU2‑70 146.1 133.4 240 × 500 90 18 70 18 2D22 4D22 200 × 150 70 10 0.86 2D12 2D22

Table 4 Mechanical properties of reinforcement

Φ 6 Φ 8 Φ 10 Φ 12 Φ 18 Φ 22

fy
(MPa)

fu
(MPa)

fy
(MPa)

fu
(MPa)

fy
(MPa)

fu
(MPa)

fy
(MPa)

fu
(MPa)

fy
(MPa)

fu
(MPa)

fy
(MPa)

fu
(MPa)

381.6 509.2 530.6 631.0 548.7 704.6 525.1 667.5 545.6 651.4 556.2 735.8

Table 5 Provided ledge tie reinforcement compared with the studied codes

Specimen Provided ledge ties Codes requirements

ACI 318–2019 and PCI 2020 AASHTO–LRFD 2020 ECP 203–2020

sl
mm

dl
mm

fyl
MPa

μl % sl,max
mm

μl,min
%

sl,max
mm

μl,min
%

sl,max
mm

μl,min
%

BLU1 160 8 530.6 0.24 65.5 1.00 38.4 1.00 200 0.83

BLU2 160 10 548.7 0.38 65 0.97 46.8 0.97 200 0.80

BLU3 160 6 381.6 0.13 66 1.40 15.3 1.40 200 1.15

BLU4 240 6 381.6 0.09 66 1.40 15.3 1.40 200 1.15

BLU5 300 6 381.6 0.07 66 1.40 15.3 1.40 200 1.15

BLU6 – – – – – – – – – –

BLU1‑70 70 8 530.6 0.55 65.5 1.00 38.4 1.00 200 0.83

BLU2‑70 70 10 548.7 0.86 65 0.97 46.8 0.97 200 0.80
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According to the studied international codes, five main 
types of failure may take place in ledge beams: shear fric-
tion failure, flexural failure of ledge ties, yield of hanger 
reinforcement, punching shear failure, or local failure 
under bearing plate. The design capacity of each failure 
type of ledge according to the equations of AASHTO–
LRFD (2020) is shown in Table 1, while Table 2 includes 
the equations of PCI (2020).

2.2  Minimum Ratio of Ledge Tie Reinforcement
According to AASHTO–LRFD (2020), the ratio of ledge 
tie reinforcement μl,min% is limited to be not less than

As the ledge ties are engaged with beam hangers’, the 
maximum spacing sl,max should follow that for spacing 
between web stirrups. According to AASHTO–LRFD, 
(2020), the maximum spacing is the lesser of sl,max1 and 
sl,max2:

If Vu< 0.125 fc
’

If Vu ≥ 0.125 fc
’

According to PCI (2020) and ACI318-(2019), μl,min% is 
given by Eq. (1), and sl,max is the lesser of sl,max1 and sl,max2:

If Vs < 0.33
√

f ′c ∗ bl ∗ dl

If Vs ≥
(

0.33∗
√

f ′c ∗ bl ∗ dl
)

According to ECP203-(2020), μl% should be limited to 
(0.03fcu/fyl). The maximum spacing between the ledge ties 
sl,max should not exceed 200 mm.

(1)µl, min % =
0.04f ′c
fyl

(2a)sl,max 1 = As for one leg of ledge tie/
(

de ∗ µl,min

)

(2b)sl,max2 = 0.8 dv ≤ 600mm

(2c)sl,max2 = 0.4 dv ≤ 300mm

(3a)sl,max1 =
de

2
≤ 600mm

(3b)sl,max2 =
de

4
≤ 300mm

3  Experimental Program
The experimental study included eight tests of full-
scale UHPFRC ledge beams. The specimens were sub-
jected to vertical loads on their ledges. Each specimen 
was represented by the symbol "BLU" which stands for 
Beam, Ledge, and UHPFRC, respectively. Specimens 
BLU1-70 and BLU2-70 were similar to BLU1 and BLU2, 
respectively, except that the spacing between ledge tie 
reinforcement was equal to 70  mm. The length of each 
specimen was 3000 mm. The web had a width of 240 mm 
and a height of 500 mm, while the ledge had a constant 
cross section measuring 200  mm in width, 150  mm in 
thickness, and 600  mm in length along the direction of 
the beam’s length. The reinforcement details of the speci-
mens are shown in Fig.  2, while Table  3 presents the 
properties of the specimens.

The specimens were sufficiently reinforced to ensure 
that failure would occur in the ledge. The web was rein-
forced with 4 lower bars of diameter 22  mm and 2 top 
bars with the same diameter. Stirrups with a diameter of 
18 mm were placed each 90 mm. The skin web reinforce-
ment comprised 3 bars with a diameter of 12 mm on each 
face. All the ledges were reinforced symmetrically in the 
longitudinal direction with 2 top bars of diameter 12 mm 
and 2 bottom bars of diameter 22  mm. To produce a 
development length that was within acceptable limits, 
the web’s longitudinal bars were bent 90 degrees at both 
ends. The mechanical properties of different reinforcing 
bars are given in Table 4.

For the tested specimens, the flexural reinforcement 
of the ledge comprised of horizontal legs of ledge ties 
only without any additional flexural reinforcement. Web 
hanger reinforcement of diameter 18 mm had the same 
spacing as ledge ties. To evaluate the suitability of mini-
mum ledge ties specified by the codes for normal rein-
forced concrete when applied for UHPFRC ledge beams, 
the specimens were subjected to variations in ledge 
tie reinforcement through changes in stirrup spacing 
(sl = 70 mm, 160 mm or 240 mm or 300 mm) and stirrup 

Table 6 UHPFRC mixture proportions (kg/m3)

Cement Silica fume Sand Quartz powder Superplasticizer Water Steel fibers

900 225 775 270 36 168 120

Table 7 Properties of concrete mixture

Mix ID fcu
(MPa)

fc
’

(MPa)
fsp
(MPa)

fr
(MPa)

UHPFRC 146.10 133.40 12.40 28.60



Page 7 of 23Yousef et al. Int J Concr Struct Mater           (2025) 19:34  

bar diameters (dbl = 6  mm or 8  mm or 10  mm), so the 
ratio of ledge tie steel was altered in specimens, as shown 
in Table 3. The minimum ledge tie reinforcement (μlmin%) 

required by different codes was compared with the pro-
vided ledge ties in Table 5.

The provided ratio of ledge tie reinforcement for 
specimen BLU2-70 was approximately equal to μlmin% 
required by ECP203-(2020) and slightly less than μlmin% 
of ACI318-(2019), PCI (2020), and AASHTO–LRFD 
(2020). There were significant disparities between the 
minimum ledge tie reinforcement requirements of the 
codes and the tested specimens. The provided μl% for 
specimens BLU1, BLU2, BLU3, BLU4, BLU5, and BLU1-
70 were considerably less than the minimum require-
ments of the codes. Specimen BLU6 was tested without 
ledge tie reinforcement for comparison purposes.

It can be seen that the equations used by ACI318-(2019), 
PCI (2020), and PCI (2020) generally underestimated the 
values of the maximum spacing between ledge ties for 
UHPFRC ledge beams when compared to slmax adopted 
by ECP203-(2020). As given in Table  5. The provided sl 
of specimen BLU2-70 was approximately equal to slmax of 
ACI318-(2019) and PCI (2020), and was only 35% of slmax 
allowed by ECP203-(2020), but 150% of slmax allowed by 
PCI (2020). The provided sl of specimens BLU1 and BLU2 
was more than twice the slmax that is required by ACI318-
(2019) and PCI (2020), and about 80% of that was allowed 
by ECP203-(2020). The provided sl of specimens BLU3, 

Fig. 3 Testing of concrete

Fig. 4 Test setup
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BLU4, and BLU5 were significantly greater than the slmax of 
ACI318-(2019), PCI (2020), and AASHTO–LRFD (2020).

4  Material Properties of UHPFRC
UHPFRC is a composite material consisting of Portland 
cement, silica fume, quartz powder, sand, steel fibers, 
water, and superplasticizer. The mix design used in this 
study incorporated Portland cement type CEM I 52.5 N 
with a specific gravity of 3.16 and a specific surface area 
of 3550  cm2/g. Coarse aggregate was provided by siliceous 
sand with a particle size fraction of 0.4  mm and a spe-
cific gravity of 2.65. The mixture also included silica fume 
powder with a mean diameter of 0.15  µm and a specific 
surface area of 170,000  cm2/g, as well as crushed quartz 
powder with a diameter ranging from 1 to 100  µm. The 
superplasticizer used was a new generation Visco-Crete 
3425. The used steel fibers were straight hooked-ended. 
The fibers had a diameter and length of 1 mm and 25 mm, 
respectively, resulting in an aspect ratio of 25. The ulti-
mate and yield strengths of the fibers were 828.3 MPa and 
552.2 MPa, respectively. Steel fiber ratio ranges from (1:3) 
%. A constant volume fraction of 1.5% steel fibers was used 
for tested specimens (Yousef et al., 2018).

To prepare the UHPFRC mixture, the ingredients were 
mixed in a high-speed mixer for a total time of 10  min. 
The powders and sand were dry mixed for 2  min at low 
speed, following which 75% of the water was added and 
the mixture was mixed for an additional 2 min at low speed 
(140 ± 5 rpm). After pausing for 1 min, the remaining water 
and superplasticizer were added, and the mixture was 
mixed for an additional 3 min before adding the steel fib-
ers. The mixture was then mixed for 2 min at high speed 
(285 ± 10 rpm). All specimens were cured at a temperature 
of 21 ± 2 ºC. The specific mixture proportions for a volume 
of 1.0  m3 are provided in Table 6.

All the tested UHPFRC beams were taken from the same 
concrete mix given in Table 6. The cube concrete compres-
sive strength fcu based on an average of three cubes (cube 
50 mm × 50 mm × 50 mm) and the cylinder concrete com-
pressive strength f ′c  based on an average of three-cylinder 
specimens (cylinder 50  mm × 100  mm) of the UHPFRC 
mix after 28 days were 146.1 MPa and 133.4, respectively 
(ASTM C494/C494 M-19, 2019; ASTM  C39/C39M-21, 
2021; BS EN, 12390-3 2009; BS EN197-1, 2011).

The splitting tensile strength was calculated by the 
indirect method by compressing a cylinder through a line 
load applied along its length. The splitting cylinder tensile 
strength fsp based on an average of three cylinders (cylin-
der 50 mm × 100 mm) of the UHPFRC mix after 28 days 
was 12.4 MPa (ASTM C496/C496 M-17, 2017).

The flexural strength of concrete specimen was deter-
mined based on an average of three prisms (prism 
40  mm × 40  mm × 160  mm) using simple beam with 

Fig. 5 Failure modes and crack patterns for BLU1, BLU2, BLU3, 
and BLU4 (note: the loads marked on the specimens are in tons)

Fig. 6 Failure modes and crack patterns for BLU5, BLU6, BLU1‑70, 
and BLU2‑70 (note: the loads marked on the specimens are in tons)
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center point loading. The center point loading device was 
placed on the center of tested specimens and parallel to 
its top face. The flexural strength fr based on an average 
of three prisms of the UHPFRC mix after 28  days was 
28.6 MPa (ASTM C494/C494 M-19, 2019).

Table  7 summarizes the different concrete properties. 
Fig. 3 illustrates the testing of concrete specimens.

5  Test Setup
The test setup comprises three primary components: 
the main frame, the specimen support system, and a 
U-frame that enables concurrent loading of both ledges 
(right and left). The ledge beams were subjected to a sim-
ply supported test using a vertical two-way hydraulic jack 
with a capacity of 200 tons, as shown in Fig. 4. The load 
was applied on both ledges simultaneously. Load plates 
200 × 180 × 42 mm and support plates 200 × 240 × 42 mm 
were used. Date logger and Linear Variable Displacement 
Transducer (LVDT) of accuracy 0.01 mm were utilized to 
measure the displacements under load points at the mid-
dle of the free edge of the ledge. Electric resistance 120 
ohms Epoxy-based strain gauges with lengths of 15 mm 
and 20 mm were used. The strains were measured using 
electrical strain gauges fitted at the ledge tie reinforce-
ment, the longitudinal bars, the hangers, and web stir-
rups of the main beam, as shown in Fig. 2.

The beams were painted white to facilitate crack detec-
tion. The cracks widths were measured using a crack 
detection microscope (accuracy = 0.02 mm), and the ini-
tiation and propagation of cracks were marked on the 
surface of each specimen. The load was applied in small 
increments using a force-controlled jack with a loading 
rate of 20 kN/min and at the end of each increment, all 
deformation readings were recorded.

Table 8 Test results

Specimen fcu
MPa

μl
%

2Pcr
(kN)

2Pu,Exp
(kN)

Pcr
(kN)

Pu,Exp
(kN)

Pcr /Pu,Exp Failure mode

BLU1 146.1 0.24 170.0 440.0 85.0 220.0 0.386 Flexural
(Yield of ledge ties)

BLU2 146.1 0.38 180.0 490.0 90.0 245.0 0.367 Flexural
(Yield of ledge ties)

BLU3 146.1 0.13 160.0 420.0 80.0 210.0 0.381 Flexural
(Yield of ledge ties)

BLU4 146.1 0.09 170.0 410.0 85.0 205.0 0.415 Flexural
(Yield of ledge ties)

BLU5 146.1 0.07 160.0 380.0 80.0 190.0 0.421 Flexural
(Yield of ledge ties)

BLU6 146.1 – 170.0 370.0 85.0 185.0 0.459 Shear friction

BLU1‑70 146.1 0.55 200.0 530.0 100.0 265.0 0.377 Flexural
(Yield of ledge ties)

BLU2‑70 146.1 0.86 190.0 610.0 95.0 305.0 0.311 Flexural
(Yield of ledge ties)

Fig. 7 Measured maximum crack widths of tested specimens

Fig. 8 Load–ledge displacement curves of tested specimens 
at the middle of the free edge of the ledge
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6  Test Results
6.1  Cracking Behavior and Failure Modes
The experimental failure modes can be seen in Figs. 5 and 
6, while the cracking loads of UHPFRC ledge beams are 
given in Table 8. Specimen BLU6 failed due to shear fric-
tion at the interface between the web and the ledge, since 
it had no ledge tie reinforcement, while specimens BLU1, 
BLU2, BLU3, BLU4, BLU5, BLU1-70, and BLU2-70 failed 
due to yielding of flexural reinforcement of ledge (yield-
ing of the horizontal legs of ledge ties). The first crack of 
specimen BLU6 was noted at a total vertical load of 45.9% 
of the failure load, and this crack initiated between the 
web and the ledge. With increasing the applied load, the 
interface crack increased and widened, and then a few 
fine cracks started running in the ledge and the beam 
web causing sudden shear friction failure of the ledge at 
an ultimate load of about twice the first cracking load, as 
shown in Figs. 5 and 6.

The first crack of specimen BLU2-70 (with maximum 
ledge tie reinforcement) was noted at a total vertical load 
of 31.1% of the failure load, this crack appeared between 
the web and the ledge, and then a few fine cracks started 
running in the ledge and the web normal to the ledge 
length. With increasing the applied load, these cracks 
increased in length and width. Just before the failure of 
ledges, the strains in the ledge ties increased gradually 
until reaching the yield point. As shown in Figs.  5 and 
6, failure of ledges occurred at the interface between the 
web and the ledge after yielding the ledge ties at an ulti-
mate load more than three times the first cracking load.

The modes of failure of specimens BLU1, BLU2, 
BLU3, BLU4, BLU5, and BLU1-70 were similar to speci-
men BLU2-70, but at smaller values of failure loads. For 
these beams, the first crack appeared at a load of 38.6%, 

36.7%, 38.1%, 41.5%, 42.1%, and 37.7% of the ultimate 
load, respectively. The yield of the ledge tie steel was the 
cause of failure in all specimens except BLU6. The mean 
of the ratios between the first crack load and the failure 
load (Pcr/Pu,Exp) of the specimens with ledge tie rein-
forcement was 0.380. It can be seen from Table  8 that 
increasing μl did not affect the recorded cracking loads. 
Although the provided μl of BLU2-70 was about twice 
that of BLU2, the recorded cracking load of BLU2-70 was 
only 5.6% more than that of BLU2, the recorded cracking 
load of BLU3 was less than that of BLU4 although that μl 
of BLU3 is 144% of that of BLU4. In general, the results 
showed that after the cracking of the ledge, the ultimate 
ledge strength depended mainly on the quantity of the 
ledge tie reinforcement.

Fig. 7 displays plots of total applied load and the meas-
ured maximum crack width of the ledge. Decreasing the 
ratio μl% or increasing the spacing between ledge ties sl 
caused a considerable increase in the ledge crack width 
(especially before reaching the failure load). For BLU2-
70 with μl% and sl approximately as required by ACI318-
(2019) and PCI (2020), the crack width at a total load of 
300 kN was about 50% of that recorded for BLU5 with 
μl% of about 5.0% of μlmin of ACI318-(2019), PCI (2020) 
and AASHTO–LRFD (2020). It can be seen also that 
for beam BLU4 with sl equal to 240 mm, the ledge crack 
width was slightly more than that of the similar beam 
BLU3 but with sl of 160 mm.

6.2  Load–Displacement Relationships
Plots of the total load–vertical displacement at the mid-
dle of the free edge of the ledge length for UHPFRC 
specimens are illustrated in Fig.  8. The ledges acted 
elastically in the early part of loading before first crack-
ing. After first cracking, ledges with higher μl% exhibited 

Fig. 9 Load‑ledge tie strain curves of tested ledge beams (Note: 
the recorded strains are the average readings of strain gauges G1 
and G2 in Fig. 2)
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smaller displacement, and at the maximum load, there 
were considerable differences in displacements of ledges 
of different μl%. Comparing the curves of specimen BLU5 
with μl% = 0.07 with specimen BLU2-70 with μl% = 0.86 
showed that the failure load and the recorded displace-
ment of BLU5 were 62.3% and 58.4% of that recorded 
for specimen BLU2-70, respectively. Beam BLU2 has 
μl% equal to 44.2% of that of BLU2-70 and showed dis-
placement at an ultimate load equal to 70.9% of that of 
BLU2-70. This showed that a noticeable reduction in the 
stiffness and ductility of the ledge resulted from reduc-
ing μl% less than the minimum adopted by the codes. 
Specimen BLU6 had approximately similar stiffness as 
specimen BLU5. However, there were differences in dis-
placements of ledges of different μl% after the maximum 
load, as can be seen from Fig. 8. In general, increasing μl% 
caused an increase in the stiffness and ductility of UHP-
FRC ledge beams.

6.3  Strain Response
Plots of the total ledge load and the recorded tensile 
strains at the middle of the horizontal leg of the ledge 
ties can be seen in Fig. 9. It is important to note that the 

presented ledge tie strains are the average readings of two 
strain gauges attached to the horizontal leg of the ledge 
tie (strain gauges G1 and G2, as shown in Fig. 2). At the 
initial stage of loading, the steel strain in the horizontal 
ledge tie was small and increased gradually. As the first 
crack had formed at the ledge to the web interface, the 
strain rate increased rapidly until it reached the yield 
point directly before the ultimate load.

After the horizontal leg of the ledge tie had yielded, 
the strains highly increased. At this point, a fast increase 
in the crack width had occurred until the crushing of 
concrete at the web ledge interface. In general, it can be 
deduced that all the tested specimens failed due to the 
yield of ledge ties except specimen BLU6 (without ledge 
ties) failed due to shear friction at the web ledge inter-
face, and the ledge was held somewhat with the web, 
because the ledge longitudinal reinforcement.

Comparing the curves of the tested specimens shown 
in Fig.  9, indicated that increasing μl% reduced the 
recorded strains. After the initiation of ledge cracking 
(at the ledge to the web interface) the tie’s horizontal legs 
began to resist the applied load until reaching the steel 
yield point causing an increase in the failure load of the 
ledge beam. Comparing the curves of specimen BLU1-70 

Table 9 Estimated ultimate loads using STM according to ACI 318–2019

Specimen Flexural
(kN)

Yield of hanger 
reinforcement
(kN)

STNI
(kN)

Bearing
(kN)

Failure mode Pu,STM
(kN)

BLU1 204.5 1388.3 982.6 8164.6 Flexural 204.5

BLU2 326.8 1388.3 954.9 8164.6 Flexural 326.8

BLU3 83.6 1388.3 993.4 8164.6 Flexural 83.6

BLU4 66.9 1110.6 867.6 8164.6 Flexural 66.9

BLU5 50.2 832.9 725.8 8164.6 Flexural 50.2

BLU6 ‑ 832.9 535.6 8164.6 STNI 535.6

BLU1‑70 368.1 2498.9 1022.2 8164.6 Flexural 368.1

BLU2‑70 538.9 2498.9 1011.3 8164.6 Flexural 538.9

Table 10 Estimated ultimate loads using AASHTO–LRFD 2020

Specimen Shear friction
(kN)

Flexural
(kN)

Yield of hanger 
reinforcement
(kN)

Punching shear
(kN)

Bearing
(kN)

Failure mode Pu,AASHTO
(kN)

BLU1 373.4 349.4 1032.4 815.8 8164.6 Flexural 349.4

BLU2 603.4 560.2 1026.2 807.6 8164.6 Flexural 560.2

BLU3 151.1 142.4 1038.6 824.2 8164.6 Flexural 142.4

BLU4 120.8 113.9 770.2 824.2 8164.6 Flexural 113.9

BLU5 90.6 85.4 662.8 824.2 8164.6 Flexural 85.4

BLU6 60.4 – 662.8 824.2 8164.6 Shear friction 60.4

BLU1‑70 672.2 628.9 2063.2 815.8 8164.6 Flexural 628.9

BLU2‑70 1086.1 1008.5 2052.6 807.6 8164.6 Flexural 807.6



Page 12 of 23Yousef et al. Int J Concr Struct Mater           (2025) 19:34 

Table 11 Estimated ultimate loads using PCI 2020

Specimen Shear friction
(kN)

Flexural
(kN)

Yield of hanger 
reinforcement
(kN)

Punching shear
(kN)

Bearing
(kN)

Failure mode Pu,PCI
(kN)

BLU1 544.8 281.8 1059.8 270.6 8164.4 Punching shear 270.6

BLU2 690.2 451.8 1059.8 270.6 8164.4 Punching shear 270.6

BLU3 347.9 114.9 1059.8 270.6 8164.4 Flexural 114.9

BLU4 311.2 91.9 847.8 270.6 8164.4 Flexural 91.9

BLU5 269.5 68.9 635.8 270.6 8164.4 Flexural 68.9

BLU6 220.1 – 635.8 270.6 8164.4 Shear friction 220.1

BLU1‑70 731.2 507.2 1907.6 270.6 8164.4 Punching shear 270.6

BLU2‑70 925.9 813.3 1907.6 270.6 8164.4 Punching shear 270.6

Table 12 Comparison between experimental results and code predictions

Specimen Experimental 
Ultimate 
Load 
Pu,Exp
(kN)

STM according
ACI-318–2019

AASHTO–LRFD-2020 PCI-2020

Ultimate 
Load 
Pu,STM
(kN)

Pu,STM
Pu,Exp

Ultimate 
Load 
Pu,AASHTO
(kN)

Pu,AASHTO
Pu,Exp

Ultimate 
load
(kN)

Ultimate 
Load 
Pu,STM
(kN)

BLU1 440.0 204.5 0.465 349.4 0.794 270.6 0.615

BLU2 490.0 326.8 0.667 560.2 1.143 270.6 0.552

BLU3 420.0 83.6 0.199 142.4 0.339 114.9 0.274

BLU4 410.0 66.9 0.163 113.9 0.278 91.9 0.224

BLU5 380.0 50.2 0.132 85.4 0.225 68.9 0.181

BLU6 370.0 535.6 1.448 60.4 0.163 220.1 0.575

BLU1‑70 530.0 368.1 0.695 628.9 1.187 270.6 0.511

BLU2‑70 610.0 538.9 0.883 807.6 1.324 270.6 0.444

Fig. 11 Comparison between experimental results and code predictions
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(μl = 0.55%) with specimen BLU2-70 (μl = 0.86%) showed 
a considerable increase in the recorded loads at the 
same recorded strains and the failure load of BLU2-70 
was 115.1% of specimen BLU1-70. For specimens BLU1 
(μl = 0.24%) and BLU2 (μl = 0.38%), considerable reduc-
tion in the recorded loads at the same recorded strains 
had taken place and the failure load of these specimens 
was 72.1% and 80.3%, respectively, of specimen BLU2-70.

Records of strains in the bottom longitudinal steel 
bars of the main beam of the tested specimens (average 
readings of strain gauges G3 and G4, as shown in Fig. 2) 
showed that the strains in the mid span were in tension 
and increased uniformly at every load step. The recorded 
tensile strains at the midspan slightly increased when 
the flexural cracks developed in the bottom of the main 
beam. The strains in the bottom longitudinal steel bars 
were not affected by the cracking levels in the ledges of 
the beam. Failures of the tested ledge beams occurred 
by yielding of the ledge tie reinforcement early before 
yielding of the bottom longitudinal steel bars of the 
main beam. The tensile strains of hanger stirrups and 
web stirrups did not reach their yield strength as they 
were designed to be strong enough to hold the ultimate 
applied load.

6.4  Effect of Ledge Tie Reinforcement on the Ultimate 
Loads

The effect of the provided μl% of ledge ties (in the form 
of sl and dbl) on the failure load can be seen in Table 8. 
As explained before, the longitudinal ledge bars were 
kept the same for the specimens, and the ledge flex-
ural reinforcement comprised the horizontal legs of the 
provided ledge ties without any additional bars. Table 8 
indicates that reducing sl or increasing dbl had a signifi-
cant increase on ledge ultimate load Pu,Exp. Compar-
ing specimen BLU6 (without ledge ties) with specimen 
BLU2-70 which provided with μlmin showed that Pu,Exp of 
BLU2-70 was more than that of BLU6 by 65%. For speci-
men BLU5 with sl = 300  mm and dbl = 6  mm, Pu,Exp was 
more than that of BLU6 by 2.7%. Reducing sl to be equal 
to 240  mm in specimen BLU4 and equal to 160  mm in 
specimen BLU3 with the same tie diameter increased 
Pu,Exp more than that of BLU6 by about 10.8% and 13.5%, 
respectively. Increasing the tie bar diameter in speci-
mens BLU1 and BLU2 to be 8 mm and 10 mm, respec-
tively, increased Pu,Exp more than that of BLU6 by 18.9% 
and 32.4%, respectively. This indicated that the ultimate 
ledge strength depended mainly on the quantity of the 
provided ledge ties.

Plots of recorded ultimate ledge loads of the tested 
specimens with the ratio μl% are shown in Fig. 10. In gen-
eral, increasing μl% led to a considerable increase in the 
failure load. For beam BLU1 has μl% of 0.24%, which is 

more than three times that of beam BLU5, the increase in 
failure load was 15.8%. Similarly, beam BLU2 had a rein-
forcement ratio of 0.38%, which is more than five times 
that of beam BLU5, the increase in ultimate load was 
about 28.9%. The results showed good overall behavior of 
the ledges of specimen BLU2-70 which provided with μl 
equal to μlmin required by the codes. However, the equa-
tions used by AASHTO–LRFD (2020) for predicting the 
maximum allowable spacing of ledge tie reinforcement 
would result in low values when applied to the tested 
UHPFRC ledge beams. This showed that these equations 
should be modified to be suitable for UHPFRC ledge 
beams.

7  Comparison of Test Results with Codes 
Predictions

Table  9 summarizes the calculated ultimate ledge load 
Pu,STM, and the estimated failure mode using STM 
according to design provisions of ACI318-(2019), 
while Table  10 gives the calculated ultimate ledge load 
Pu,AASHTO, and the failure mode estimated according 
to the design equations adopted by AASHTO–LRFD 
(2020). The calculated ultimate ledge load Pu,PCI, and the 
failure mode estimated according to the design equations 
adopted by PCI (2020) can be seen in Table 11. The pre-
dictions of the studied codes for the ultimate ledge load 
and the failure modes differ markedly. Table 12 compares 
the experimental ultimate ledge load Pu,Exp with the esti-
mated ultimate ledge load using the studied codes. The 
calculated values of Pu,STM, Pu,AASHTO, and Pu,PCI are also 
compared with Pu,Exp, as shown in Fig. 11.

Comparing Pu,Exp with Pu,STM showed that for speci-
men BLU2-70 with ledge tie reinforcement ratio μl of 
0.86%, which was equal to μlmin required by the codes, 

Fig. 12 Concrete meshing 25 × 25 × 25 mm for tested specimens 
using numerical model
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the calculated strength was safe and this specimen 
showed good overall behavior. For specimen BLU5 
(with μl = 0.07%) the predicted strength using STM was 
only 13.2% of the experimental load.

The ratios of the calculated ultimate strength using 
STM and the experimental ultimate strength (Pu,STM/
Pu,Exp) were calculated for the specimens and given in 
Table 12. The maximum ratio (Pu,STM/Pu,Exp) was found 
to be 1.448 for specimen BLU6 and the minimum ratio 
was 0.132 for specimen BLU5 with a mean ratio of 
0.575. The ratio (Pu,STM/Pu,Exp) increased with increas-
ing the ledge tie reinforcement ratio μl%, except for 
specimen BLU6 without ledge ties. It is possible to con-
clude that the STM prediction of the ultimate load is 
safe for UHPFRC ledge beams with μl% equal to μl,min% 
and considerably underestimated the ultimate load 
for specimens with μl% smaller than μl,min% adopted 
by the codes. Comparing the failure modes indicated 
that the estimated failure mode using STM according 
to ACI318-(2019) confirms the experimental failure 
modes.

The ratios of Pu,Exp with Pu,AASHTO were calculated also 
in Table  12. The minimum ratio was found to be 0.163 
and the maximum ratio was 1.324 with a mean value of 
0.682. This comparison shows that the predictions of the 
ultimate loads using the equations of AASHTO–LRFD 
(2020) were unsafe for three of the tested specimens. 
The predicted ultimate load was greatly unsafe for speci-
men BLU2-70, and the safety increased by reducing the 
provided ledge ties. Comparing the experimental fail-
ure modes in Table  8 with those predicted in Table  10 
showed that the estimated failure modes using the equa-
tions of AASHTO–LRFD (2020) were accurate for all the 
tested UHPFRC ledge beams.

The ratios of Pu,Exp with Pu,PCI are calculated also in 
Table 12. The minimum ratio (Pu,PCI/Pu,Exp) was found to 
be 0.181 and the maximum ratio was 0.615 with a mean 
value of 0.422. These results indicated that the equations 
of PCI (2020) considerably underestimated the predicted 
ultimate ledge loads for all the specimens. The predicted 
failure mode of PCI (2020) was not confirmed with 
observations in 50% of the tests.

8  Numerical Modeling for UHPFRC Ledge Beams
8.1  Proposed Numerical Model
A three-dimensional nonlinear finite element model was 
proposed to predict the complete response of the tested 
UHPFRC ledge beams via ABAQUS software (ABAQUS, 
2016).

The concrete element was modelled as a three-dimen-
sional solid element (C3D8R). A truss element (T3D2) 
embedded inside the solid element was utilized to simu-
late the beam reinforcement. The perfect bond between 
concrete and rebars was conducted using the embedded 
constraint technique. The given bar element was a dis-
placement-based linear element with two nodes. It uti-
lized linear interpolation for displacement and assumed 
constant stress throughout. The interaction between the 
steel plates and concrete, both at the loading points and 
supports, was modelled as tie contact. Boundary condi-
tions were applied to simulate the testing configuration. 
The first support, characterized as a hinged support, was 
assigned values of u1 = u2 = u3 = 0.0, while for the second 
support, defined as a roller support, had u2 = 0, while 
u1 and u3 were not equal to 0.0. A fine mesh with size 
25 × 25 × 25 mm was used, as shown in Fig. 12.

In this study, the constitutive model of concrete was 
conducted as concrete damage plasticity (CDP) to 
capture the full behaviour of concrete in tension and 
compression. The maximum direct tensile strength of 
UHPFRC was assumed to be 8.0 MPa (AFGC, 2013). In 
addition, a Poisson’s ratio of 0.2 was assigned to the UHP-
FRC material. For UHPFRC in this study, the elasticity 

Fig. 13 Stress–strain curves for UHPFRC for tested specimens
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Fig. 14 Numerical modes of failures of tested specimens



Page 16 of 23Yousef et al. Int J Concr Struct Mater           (2025) 19:34 

modulus was estimated using a simple expression (Yousef 
et al., 2017):

The experimental cube compressive strength fcu of the 
tested beams is equal to 146.1  MPa and the calculated 
value of Ec is equal to 45,169.8  MPa. The experimental 

(4)Ec = 3737f 0.5cu (MPa)

cylinder compressive strength fc is equal to 133.4  MPa. 
The reinforcing steel is represented using an elastic-per-
fectly plastic material model, where the modulus of elas-
ticity for the reinforcement (Es) is 2.0*105 MPa, and the 
Poisson’s ratio is taken as 0.30.

The Drucker–Prager plastic flow function and yield 
function in the CDP model were characterized by five 

Fig. 14 continued
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plasticity parameters. These parameters include the dila-
tion angle ψ, the eccentricity, the ratio of biaxial com-
pressive strength to uniaxial compressive strength (σb0/
σc0), the viscosity parameter, and the ratio of the second 
stress invariant on the tensile meridian to that of the 
compressive meridian  Kc. A dilation angle of 30 degrees 
was utilized in the model of the studied specimens. The 

eccentricity of 0.10, and a value of the ratio (σb0/σc0) of 
1.16 were utilized. The viscosity parameter was assumed 
to be 0.0001 and a value of (2/3) for the  Kc parameter was 
adopted. The proposed model in this study incorporated 
the stress–strain relationships for UHPFRC in com-
pression and tension as recommended by the AFGC, as 
shown in Fig. 13 (AFGC, 2013; Al-Kabasi et al., 2020).

Fig. 14 continued
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8.2  Comparison of Numerical Predictions
The predicted failure modes of the tested UHPFRC 
ledge beams using the proposed model are shown in 
Fig. 14 in comparison to the photographs of the experi-
mental failure modes shown in Figs. 5 and 6. This com-
parison showed that the predicted failure modes are 
greatly similar to the results of the experimental tests. 
Table 13 shows also a comparison between the modes 
of failure predicted from the proposed model and the 
recorded experimental modes of failure for ledge beam 
specimens. The results showed that the proposed 

numerical model is capable of accurately predicting 
the modes of failure for ledge beams constructed from 
UHPFRC.

Table 13 also presents a comparison between the peak 
vertical load values obtained from proposed numerical 
model and those measured during experimental testing 
for ledge beams. The results indicate that for specimens 
made of UHPFRC (BLU1, BLU2, BLU3, BLU4, BLU5, 
BLU6, BLU1-70 and BLU2-70), there is a difference of 
5.29%, 7.37%, 7.75%, 12.14%, 6.71%, 9.89%, 0.74% and 

Table 13 Comparison between experimental and numerical results of the tested specimens

Specimen Experimental results Numerical results Pu,Num
Pu,Exp

Ultimate load 
Pu,Exp
(kN)

Failure mode Ultimate load 
Pu,Num
(kN)

Failure mode

BLU1 440.0 Flexural 417.9 Flexural 0.95

BLU2 490.0 Flexural 526.1 Flexural 1.074

BLU3 420.0 Flexural 389.8 Flexural 0.928

BLU4 410.0 Flexural 365.6 Flexural 0.892

BLU5 380.0 Flexural 356.1 Flexural 0.937

BLU6 370.0 Shear friction 336.7 Shear friction 0.91

BLU1‑70 530.0 Flexural 533.9 Flexural 1.007

BLU2‑70 610.0 Flexural 648.9 Flexural 1.064

Fig. 15 Numerical load–strain curves for tested specimens
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6.38%, respectively, between the ultimate loads obtained 
through numerical simulation and experimental testing.

The ratio (Pu,Num/Pu,Exp) ranged from a minimum of 
0.892 to a maximum of 1.074 with a mean ratio of 0.970. 
This indicates that the proposed numerical model is 
capable of accurately predicting the ultimate load of 
UHPFRC ledge beams.

Fig. 15 displays load–strain curves in the horizontal leg 
of the ledge tie reinforcement. The strain rate exhibited 
a rapid increase until it reached the yield point, immedi-
ately preceding the attainment of the ultimate load.

The experimental vertical displacement at the middle of 
the free edge of the ledge ∆u,Exp and the predicted values 
of the numerical model ∆u,Num are compared in Figs. 16 
and 17. These figures show a reasonable concurrence 
between the numerical and experimental results. The 
results indicated that the adopted nonlinear numerical 

model offers a valuable method to predict the ultimate 
load and deformations of UHPFRC ledge beams.

8.3  Parametric Study
This section is introduced to study the effect of varying 
steel fiber ratios. Different ratios of steel fiber ranging 
from (1:3) % were investigated numerically on the refer-
ence specimen (BLU6). The load–displacement curves 
for different steel fiber ratios can be seen in Fig. 18. It was 
observed that as the percentage of steel fiber increases, 
the total ledge load correspondingly rises. Further-
more, an increase in the steel fiber ratio by 0.5% leads 
to a reduction of up to 20% in ledge displacement. This 
reduction indicates improved structural integrity and 
resistance to deformation under load. In addition, duc-
tility is found to improve with higher steel fiber ratios 

Fig. 16 Numerical and experimental load–displacement curves for specimens BLU1, BLU2, BLU3 and BLU4 at the middle of the free edge 
of the ledge
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(Banerji & Kodur, 2023; Wille et al., 2014). Future stud-
ies will include the effects of varying ledge dimensions, 

different materials, environmental influences and long-
term material behavior in UHPFRC ledge beams.

9  Summary and Conclusions
The minimum ledge tie reinforcement required for UHP-
FRC ledge beams with fcu = 146.1 MPa has been studied 
experimentally and numerically. The design provisions 
based on AASHTO–LRFD (2020), PCI (2020), and 
ACI318-(2019) have also been examined. The ledge tie 
reinforcement was varied by changing tie spacing or tie 
bar diameter. One specimen (BLU6) was tested with-
out ledge tie reinforcement and considered as a refer-
ence, while the provided ratio of ledge tie reinforcement 
for seven specimens was equal to or less than the mini-
mum ratio recommended by AASHTO–LRFD (2020), 
PCI (2020), ACI318-(2019), and ECP203-(2020) for 
ordinary reinforced concrete. Within the limits of this 

Fig. 17 Numerical and experimental load–displacement curves for specimens BLU5, BLU6, BLU1‑70 and BLU2‑70 at the middle of the free edge 
of the ledge

Fig. 18 Load–displacement curves for varied percentages of steel 
fiber at the middle of the free edge of the ledge
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experimental and numerical investigation, the following 
conclusions can be drawn:

1. UHPFRC ledge beams with a ledge tie reinforcement 
ratio equal to or less than the minimum specified 
by the studied codes experienced failure due to the 
yielding of the ledge ties. The ultimate strength of the 
ledge was significantly influenced by the amount of 
ledge tie reinforcement.

2. Increasing the ledge tie reinforcement ratio in UHP-
FRC ledge beams led to a significant enhancement of 
the ultimate strength and overall stiffness. The pres-
ence of ledge ties at the minimum ratio specified 
by the codes contributed to an approximate 65.0% 
increase in the ultimate load.

3. The predicted failure modes for UHPFRC ledge 
beams using the equations of AASHTO–LRFD 
(2020) and STM according to ACI318-(2019) 
matched the experimental results, while the predic-
tions of modes of failure using the equations of PCI 
(2020) were not identical with 50.0% of the experi-
mental results.

4. The predictions of ultimate strength of UHPFRC 
ledge beams based on the equations of PCI (2020) 
and STM according to ACI318-(2019) were conserv-
ative.

5. The proposed three-dimensional numerical model 
can be used successfully to predict the ultimate 
strength and capture the nonlinear behavior of UHP-
FRC ledge beams.

6. As the percentage of steel fiber increases in UHPFRC 
ledge beams, the overall ledge load also increases. 
Moreover, a 0.5% increase in the steel fiber ratio 
results in a reduction of up to 20% in ledge displace-
ment. In addition, higher steel fiber ratios enhance 
ductility.
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c  Distance from the edge of the bearing area to the end of the 
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fyl  Specified yield strength of ledge tie reinforcement
hw  Height of web
hl  Height of beam ledge
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equal to 0.25
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L  Length of bearing pad
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√
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≤ 2

mhr  Modification factor for hanger reinforcement design
Nuc  Axial force acting to pry the ledge from the web
Pcr  Crack load required to fail the ledge
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Pu  Ultimate load required to fail the ledge
S  Spacing between interior load points on the ledge
shr  Spacing of hanger reinforcement
sl  Spacing of ledge ties
sl,max  The maximum spacing between ledge tie reinforcement
sv  Vertical spacing of web stirrups
Vu  Ultimate load required to fail the ledge
Vs  Shear strength provided by reinforcement and equal to (Avf fyl de 

/sl)
W  Width of the bearing pad
μl  Reinforcement ratio of ledge ties
μl,min  The minimum ratio of ledge ties
μ  Friction factor and equal to 1.4 for normal weight concrete placed 
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