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1. Introduction 
 

Ultra-high performance concrete (UHPC) is a 

cementitious-based composite material with superior 

mechanical properties and excellent durability (Le Hoang 

and Fehling 2017a, Le Hoang and Fehling 2017b, Qi et al. 

2017, Nguyen et al. 2019). Randomly dispersed steel fibers 

significantly improve the material properties and thus 

resulting in high performance structures (Saleem et al. 

2011, Saleem et al. 2012, Pourbaba et al. 2018, Mirmiran et 

al. 2019, Pourbaba et al. 2019, Qi et al. 2019a). Over the 

past few decades, numerous bridges with UHPC 

components have been constructed all over the world, 

including steel-UHPC composite bridges, prestressed 

UHPC box girder bridges and UHPC pedestrian bridges, 

etc. (Graybeal 2008, Russell et al. 2013, Zhou et al. 2018, 

Farzad et al. 2019, Wang et al. 2019). In a recent 

application, precast UHPC deck was utilized over the open 

steel box girder in the 5th Nanjing Yangtze River Bridge as 

it offers better fatigue cracking resistance than steel bridge 

deck. 
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The 5th Nanjing Yangtze River Bridge in Nanjing, China 

is a three-tower, cable-stayed bridge with a total length of 

1796 m, consisting of two main spans at 600 m, two side 

spans at 218 m and two extension spans at 80 m (Fig. 1(a)). 

The open steel box girder with composite precast UHPC 

deck is adopted for the main span due to excellent torsion 

resistance. Because of the superior mechanical properties of 

UHPC, the thickness of the UHPC deck slab is reduced to 

2/3 of that for normal strength concrete deck, thereby 

significantly decreasing the self-weight of the bridge deck. 

As shown in Fig. 1(b), the width and height of the 

composite girder are 35.6 m and 3.6 m, respectively, in 

which a standard segmental unit (blue dash line) of the 

bridge girder has a longitudinal length of 14.6 m. The 

bridge deck units are manufactured in factory and then 

assembled through cast-in-place joints (green part) in field. 

The slab of a deck unit includes four precast UHPC slabs 

(gray part). Each slab is connected to the steel box girder by 

welding the embedded steel plates to the girder diaphragms 

(Fig. 1b). After completing the precast panel installation, 

the cast-in-factory deck slab (orange part) is poured. An 

innovative dovetail UHPC joint was developed to improve 

the joint mechanical behavior between precast panels and 

the cast-in-factory deck slab. Under wheel loads and other 

repetitive loads, the fatigue cracks may develop in such 

joints. Therefore, their cracking resistance and strength 

need to be evaluated. 

Numerous efforts have been made to investigate the 

cracking resistance of the UHPC joints. Haber and Graybeal 

(2018) conducted an experimental test investigating on the 

flexural behavior of different UHPC-class materials 

connecting prefabricated bridge elements (PBE) using 

noncontact lap splices. The dimensions of the test 
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specimens were 2286 × 711 × 152 mm. They found that the 

UHPC-connection region exhibited good performance and 

little damage. De la Varga et al. (2018) proposed a set of 

potential strategies using UHPC as joint material to enhance 

the shrinkage properties and bond performance of 

prefabricated bridge deck connection grouts using the same 

size specimens. Verger-Leboeuf et al. (2017) pointed out 

that transverse UHPC field-cast connections do not modify 

the failure mode, ultimate strength and stiffness of a slab 

differently than the equivalent cast-in-place systems via an 

experimental study on seven 3000 × 1200 × 200 mm 

specimens. Arafa et al. (2016) experimental investigated the 

behavior of UHPC joints between precast normal concrete 

panels using nine 3000 × 1000 × 225 mm specimens and 

demonstrated that joints showed sufficient strength and 

performance and the failure occurred in the spliced concrete 

panels. Lee and Lee (2015) pointed out that a minimum 

joint width of 150 mm could satisfy the anchorage 

requirement based on the test on fourteen 3000 × 780 × 220 

 

 

mm specimens. Grace et al. (2012) demonstrated that the 

UHPC connections using straight, noncontact lap-spliced 

bars were sufficient for creating monolithic action between 

the adjacent decked T-girders. Graybeal (2010) 

experimentally investigated the high cycle fatigue and static 

behavior of PBEs connected by UHPC joints on six 2400 × 

2152 × 200 mm specimens. He pointed out that the straight 

bar noncontact lap-splice details were sufficient to resist 

service and ultimate loads. It can be concluded that most 

existing research focused on the reduced scale model 

experiment and limited comparative information can be 

found in terms of the structural behavior of full-scale UHPC 

joint bridge deck slabs. 

This paper presents an experimental investigation 

examining the flexural behavior of the innovative dovetail 

UHPC joint developed for the 5th Nanjing Yangtze River 

Bridge. The testing specimens reproduced the full-scaled 

dovetail UHPC joint and were subjected to four-point 

bending test. The crack pattern and failure mode are 

 
(a) Elevation configuration (unit: m) 

 
(b) Standard segmental units and test model prototype (unit: mm) 

Fig. 1 The 5th Nanjing Yangtze River Bridge and test model prototype 
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presented. The flexural behavior, ductility, and stiffness 

degradation of the tested specimens are explicitly discussed. 

In addition, a strut-and-tie model to predict the joint 

strength is proposed. 

 

 

2. Experimental investigation 
 

2.1 Mixture proportions and material properties 
 

A new UHPC mix was developed for this study. Fig. 2 

shows the mixture proportion and material mechanical 

property of the new developed UHPC. Due to its ready 

availability, the fine river sand with maximum grain size of 

5 mm and fineness modulus of 2.6 was used. Conventional 

UHPC typically has a relatively low modulus of elasticity 

due to the lack of hard coarse aggregate. To improve the 

modulus of elasticity, the UHPC developed for this study 

contained coarse aggregate with a size ranging from 5 mm 

to 8 mm. A high-active admixture SBT®-HDC was added 

for improving the mechanical performance and viscosity of 

the UHPC. This admixture had a density of 2.56 g/cm3, a 

specific surface area of 1230 m2/kg, and an activity index at 

28 days of 115%. Considering steel fibers as a part of 

longitudinal reinforcement (Bandelt and Billington 2016, 

Parra-Montesinos 2005), a fiber volume fraction of 2% was 

adopted for the UHPC in this study. 

As indicated in our previous studies, the mixing 

procedure of the developed UHPC was carefully selected 

and executed due to its unique characteristics (Qi et al. 

2018a, Qi et al. 2018b, Qi et al. 2019b, Qi et al. 2019c). 

Cementitious material and aggregate were firstly mixed for 

5 min, followed by adding water and additives to stir for 5 

min. Steel fibers were then uniformly added into the 

mixture followed by a 5 min final mixing. The material 

property of the developed UHPC is shown in Fig. 2. The 

compressive strength, fcu was obtained from uniaxial 

compression tests on three 150 × 150 × 150 mm cubic 

specimens, and the tensile strength, ft were established from 

uniaxial tension tests on three 100 × 50 mm dog-bone 

specimens. The modulus of elasticity, Ec was determined 

from three 100 × 100 × 300 mm prism specimens according 

to the Chinese Code (GB/T 50081-2002 2002). 

 

 

 
Fig. 2 UHPC mix and properties 

 
(a) Specimen details 

 
(b) Joint details 

Fig. 3 Dimensions of specimens (unit: mm) 

 

 
Fig. 4 A new interfacial treatment by steel wire mesh 

 
 
2.2 Specimen design 
 

Three identical specimens, as show in Fig. 3, were 

fabricated to represent the full-scaled dovetail joint in the 

deck of the 5th Nanjing Yangtze River Bridge. Fig. 3(a) 

shows the dimensions and reinforcement details of the test 

specimens. The length and width of the slab were 3600 mm 

and 1600 mm, respectively. A deck thickness of 170 mm 

was selected to keep in accordance with that of the bridge 

deck. Two types of reinforcements with diameters of 20 mm 

and 16 mm were used as longitudinal reinforcement and 

transversal reinforcement. The yield strength and ultimate 

tensile strength of the longitudinal reinforcement were 

460.1 MPa and 616.0 MPa, respectively, and the yield 

strength and ultimate tensile strength of the transversal 
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reinforcement were 526.0 MPa and 667.0 MPa, 

respectively. The joint was made in an innovative dovetail 

shape in order to improve the joint mechanical 

performance. Fig. 3(b) shows the details of the dovetail 

joint. U-bars with a bend angle of 180° were used with the 

aim of improving the mechanical anchorage performance. 

A specimen consisted of two precast slab components, 

which were connected by a cast-in-place middle dovetail 

joint for simulating the real construction process. A new 

interface treating technology, named as steel wire mesh 

(SWM) method, was proposed here to enhance the 

interfacial bond property. Fig. 4 illustrates the 

manufacturing process of the proposed SWM method. 

Wires with a diameter of 3 mm were woven into a 10 mm 

by 10 mm wire mesh and then the SWM was attached in the 

side face of the formwork before casting concrete. After 

hardening of the concrete mass, the SWM was removed 

from the precast slab. It can be seen that numerous steel 

fibers were exposed after removing the SWM. Therefore, 

the SWM method did not only significantly create the 

surface roughness but also provided an additional fiber 

bridging mechanism between the cast-in-place joint and the 

precast slabs. After casting the concrete, specimens were 

covered with plastic sheeting and were cured under 

laboratory conditions prior to the removal of the formwork.  

 

 

Prior to testing, the tension surface of the specimen was 

grinded to smooth and painted white to facilitate visual 

inspection for the identification of any cracking. 

 
2.3 Test setup and procedure 
 

Fig. 5 shows the test setup and the instrumentation plan. 

As shown in Fig. 5(a), the specimens were subjected to a 

four-point bending test, allowing the flexural behavior of 

the joint region to be examined with no shear present. The 

downward loads were applied in a monotonically increasing 

manner. Before testing, the specimen was loaded to 10 kN 

and then maintained stable for 5 minutes to ensure the 

working performance of instruments and then unloaded. 

During testing, the loading rate was set at 10 kN/minute 

before the first crack was observed, and then increased to 

20 kN/minute until the strain of the longitudinal 

reinforcement at mid-span reached its yielding strength. 

Thereafter, the load was continuously increased at a rate of 

10 kN/minute until failure. The specimen mid-span 

deflection was measured by a linear variable differential 

transformer (LVDT). In addition, the strains at longitudinal 

reinforcement and the top and bottom of the specimen were 

monitored using the strain gauges. The locations of gauges 

is presented in Fig. 5 (b). 

 
(a) Test setup 

 
(b) Instrumentation plan (unit: mm) 

Fig. 5 Test setup and instrumentation plan 
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Fig. 6 Typical crack distribution at failure 

 
 
3. Test results and discussions 

 

3.1 Failure mode and crack pattern 
 

Table 1 summarizes the main quantitative information of 

each test specimen. The three identical specimens showed 

similar structural responses regarding flexural cracking 

strength, ultimate strength and crack propagation. All 

specimens experienced flexural failure along with 

longitudinal reinforcement yielding and large expansion of 

flexural cracks. The average nominal flexural cracking 

strength of the test specimens is 7.7 MPa (corresponding to 

a crack width of 0.05 mm), signifying good crack resistance 

of the proposed dovetail UHPC joint slabs. At failure, the 

ratio of deflection to span is about 1/30, indicating good 

deformability and ductility. Fig. 6 presents the typical crack 

distribution for the test specimens at the end of test. Two 

flexural cracks (crack 1 and crack 2) initially appeared at 

the joint inner side at a small applied load followed by the 

appearance of the flexural cracks (crack 3 and crack 4) at 

the joint outside as the load slightly increased. Multiple 

micro cracks subsequently occurred at the pure bending 

region, indicating that fiber bridging effect restrained the 

propagation of flexural cracks and facilitated multiple 

cracking on the tension region of the specimen. The existing 

crack propagated in the transversal direction of the slab and 

formed a whole transversal crack as the load increased. It is 

interesting to find that an audible sizzling sound was heard 

during the loading, which evidenced that the fibers were 

pulled out from the matrix. Once a crack appeared, fibers 

crossing the crack were pulled out from the matrix and were 

activated in resisting tension forces, which helped 

redistributing and homogenizing the concrete stress beside 

cracks. The fiber bridging effect allowed for more short fine 

cracks to develop adjacent to the existing cracks at small  

 

 
(a) Load-deflection curves 

 
(b) Load-longitudinal reinforcement strain curves 

 
(c) Load-concrete strain curves 

Fig. 7 Structural responses 
 

 

spacing. After yielding of longitudinal reinforcement, the 

subsequent increasing of the load led to a continuous 

opening and height increasing of formerly existing cracks, 

which resulted in a continuous increment in slab deflection. 

Finally, flexural failure occurred for all specimens. 

Different from conventional reinforced concrete (RC) slabs, 

it is interesting to find that the compression zone concrete 

failed locally instead of extensively crushing at failure 

although the concrete compressive strain exceeded ultimate 

compressive strain. 

Table 1 Summary of test results 

Specimen 

number 

Flexural cracking Yielding state Ultimate state Ductility index 
Failure mode 

Pcr (kN) Δcr (mm) σcr (MPa) Py (kN) Δy (mm) Pu (kN) Δu (mm) Δu/Δcr Δu/Δy 

F-1 111.8 3.1 8.0 630.9 60.8 707 125 40.3 2.1 Flexurea,b 

F-2 104.6 3.3 7.5 634.8 48.1 712 110 33.3 2.3 Flexurea,b 

F-3 108.2 3.2 7.7 631.2 44.1 715 97.8 30.6 2.2 Flexurea,b 

Note: Pp = peak load; Δp = peak load deflection; Pcr = flexural cracking load; Δcr = flexural cracking deflection; σcr = nominal 

flexural cracking strength; Py = longitudinal reinforcement yielding load; Δy = longitudinal reinforcement yielding deflection. 
a Yielding of longitudinal reinforcement. 
b Large expansion of flexural crack. 
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3.2 Structural responses 
 

Fig. 7 shows the structural responses, including load-

deflection curves, load-longitudinal reinforcement strain 

curves and load-concrete strain curves of the test 

specimens. Note that the location of the strain gauges is 

illustrated in Fig. 5. 

Load versus mid-span deflection curves - The three 

specimens showed similar load-deflection response, as 

shown in Fig. 7(a). The flexural response of the proposed 

dovetail UHPC joint slabs was explicitly divided into three 

stages: 1) linear elastic stage before flexural cracking; 2) the 

stage after cracking and prior to yielding of longitudinal 

reinforcement; and 3) the stage after longitudinal 

reinforcement yielding. A linear load-deflection response 

was obtained prior to flexural cracking and an 

approximately linear behavior with a slight reduction in 

specimen stiffness was detected after the appearance of 

visible flexural cracks on the test specimens. Then, the 

specimens showed obvious nonlinear behavior when the 

longitudinal reinforcement began to yield. 
Load versus longitudinal reinforcement strain curves - 

The load versus longitudinal reinforcement strains at 
different sections is shown in Fig. 7(b). The reinforcement 
strain at the location 200 mm from the end of the 
longitudinal reinforcement was almost 0 during the whole 
loading process, indicating that the anchorage length of 20 
mm reinforcement is larger than 200 mm. However, the 
longitudinal reinforcement strains at and near mid-span 
sections exceeded the yielding strain, indicating that the U 
type bars could satisfy the anchorage requirement. 

Load versus concrete strain curves - Curves with the 
tension and compression sides’ concrete surface strain at the 
dovetail joint section versus the applied load are plotted in 
Fig. 7(c). Positive strains indicate tensile strains of the 
bottom concrete surface while negative strains represent 
compressive strains of the top concrete surface. Both 
compressive and tensile strains stayed at a small value 
before flexural cracking. After the appearance of visible 
flexural cracks, the tensile strains of the bottom concrete 
surface increased dramatically and exceeded the ultimate 
tensile strain. Some strain gauges were fractured because of 
the excessive tensile strain. The compressive strain 
increased linearly and then non-linearly before and after the 
yielding of the longitudinal reinforcement. 

 

3.3 Ductility 
 

Ductility index can be used to quantitatively evaluate 
the ductility of RC structures with expressions of deflection, 
curvature, or rotational ductility. Deflection ductility index 
is broadly adopted by most researchers because of its 
simplicity of expression (Qi et al. 2016, Yoo and Yoon 
2015). The following two expressions of deflection ductility 
index are usually used 

p

p

y




=


 

(1a) 

u

u

y




=


 

(1b) 

 
Fig. 8 Stiffness degradation analysis 

 

 

where Δp is the mid-span deflection at peak load; Δy is 

the mid-span deflection at the longitudinal reinforcement 

yielding; Δu is the mid-span deflection at ultimate state. 

These two expressions reached a same calculation result 

in this study because the descending branch of the load-

deflection curve was not detected. In order to characterize 

the post-cracking ductility capacity of the tested specimens, 

a new ductility index expressed by dividing the ultimate 

deflection by flexural cracking deflection was introduced 

u

cr

cr




=


 

(2) 

where Δcr is the mid-span deflection at flexural cracking 

load. 

The calculation result on the ductility indices of the test 

specimens using equations (1) and (2) is summarized in 

Table 1. The average values of the ductility indices μcr and 

μu are 34.7 and 2.2, indicating considerable deformability 

after cracking and yielding of longitudinal reinforcement. 

 

3.4 Stiffness 
 

Fig. 8 illustrates specimen stiffness degradation in 

which the specimen stiffness versus the ratio of the mid-

span deflection Δ at any time to the mid-span flexural 

cracking deflection Δcr. The stiffness degradation analysis 

was conducted based on the secant stiffness. Three stages 

can be concluded for the stiffness degradation process, 

namely rapid stiffness degradation before cracking, slow 

stiffness degradation after cracking and before yielding 

state, and stiffness stabilization stage. The specimen 

stiffness experienced a fast reduction before cracking due to 

continuous micro damage at the tension side. After 

cracking, the stiffness degradation slowed down owing to 

the stable crack development and no new crack 

propagation. At last, the specimen stiffness remained a 

relative stable value until failure. 

Simultaneously, the flexural performance of the test 

specimens was evaluated by the relative stiffness 

degradation at different states, as summarized in Table 2. 

The parameters ku, ky, kcr and k0 represent the specimen 

stiffness at ultimate state, longitudinal reinforcement 

yielding state, flexural cracking state, and initial state, 

respectively. The specimen stiffness was about 61% of  
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Table 2 Relative stiffness degradation 

Specimen 

number 

Flexural cracking Yielding state Ultimate state 

Δ/Δu kcr/k0 Δ/Δu ky/k0 Δ/Δu ku/k0 

F-1 0.02 0.59 0.49 0.17 1 0.09 

F-2 0.03 0.64 0.44 0.27 1 0.13 

F-3 0.03 0.65 0.45 0.28 1 0.14 

 

 
(a) STM model 

 
(b) Forces at node A 

Fig. 9 STM model for the joint 

 

 

specimen initial stiffness at flexural cracking while 

approximate 46% of specimen initial stiffness was reserved 

at yielding state. At the ultimate state, only 12% of 

specimen initial stiffness was reserved. 

 

 

4. Strength prediction of the strut-and-tie model 
 

Due to the discontinuous characteristics of the joint U-

bars, their forces must be transferred through the 

surrounding concrete. The strut-and-tie model (STM) is an 

efficient method to describe the force transferring path and 

predict ultimate strength in discontinuity regions of 

reinforced concrete structures (Schlaich and Schafer 1991). 

Fig. 9 shows the STM model for the joint in this study. With 

the help of diagonal concrete compressive struts, the tension 

forces of U-bars in one side turn back to the other side, thus 

maintaining continuity of the joint region. Meanwhile, the 

transverse bars resist the transverse component of the forces 

in the inclined struts. 

Owing to the sufficient anchorage of U-bars, the 

compression force and the tension force are balanced at the 

node A. The load capacity of the developed STM model is 

controlled by the yielding of longitudinal reinforcement, the 

yielding transverse reinforcement or the crushing of the 

diagonal concrete strut. Based on force equilibrium 

condition, the following equations could be obtained 

l
F T=

 
(3a) 

tan / 2
t

F T =
 

(3b) 

/ 2cos
s

F T =
 

(3c) 

where T is the tensile force on the U-bar; Fl, Fs and Ft 

are the internal forces in the longitudinal bar, transverse bar 

and concrete strut, respectively. θ is the angle between the 

longitudinal bar and the concrete strut. 

Based on the geometry relationships, the following 

equations can be obtained 

tan / 2s l =  (4a) 

2 2

2
cos

4

l

l s

 =

+  

(4b) 

sin / 2
s

w l =
 

(4c) 

where s and l are the spacing and lap length of U-bars; 

ws is the width of the inclined compressive strut, which is 

determined from the diagonal strut width in the truss model 

for a reinforced concrete beam (Collins and Mitchell 1991). 

According to ACI 318-14 (ACI Committee 318 2014), the 

ultimate strength of the concrete diagonal strut is 

Fs=0.85fcAs, in which fc is the compressive strength of the 

concrete and As is the cross sectional area of a strut. 

Substituting Eq. (4) into Eq. (3), the load capacity of the 

proposed STM model controlled by each member is 

expressed as 

, ,u l y l l
T f A=

 
(5a) 

, ,
4 /

u t y t t
T f Al s=

 
(5b) 

2

, 2 2

1.7

4

c

u s

f Dsl
T

l s
=

+  

(5c) 

where fy,l and Al are the yielding strength and area of the 

longitudinal bars; fy,t and At are the yielding strength and 

area of the transverse bars; D is the bending diameter of U-

bars. For a tension joint with a number of N bars on one 

side, the ultimate capacity can be determined by 

, , ,

2

,

, 2 2

min( , , )

4 1.7
min( , , )

4

u u l u t u s

y t t c

y l l

T N T T T

f Al f Dsl
N f A

s l s

= 

= 
+  

(6) 

Sectional analysis method can be used to estimate the 

moment capacity of a joint member because the flexure 

behavior is significant. The ultimate compression force in 

the top zone is equal to the tension force in the bottom zone. 

Since the stress limit of 0.85fc is imposed when the failure 

of the concrete occurs, the ultimate moment capacity of the 

longitudinal joint can be obtained by 
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Fig. 10 Comparison between test and prediction results 

 

 

( / 2)
u u

M T d c= −
 

(7) 

where d is the effective depth; c is the depth of the 

neutral axis and can be calculated by c=Tu/0.85fcb; b is the 

width of the specimen. 

Fig. 10 shows the predicted Tu,l, Tu,t, Tu,s and Mu for the 

test specimens according to Eqs. (3)-(7). The proposed 

STM model provided a safe prediction of the flexural 

moment capacity for the test specimens. The under 

estimation on the flexural strength was attributed to the 

stress exceeding the yielding strength in the longitudinal 

reinforcement at ultimate. The calculation results indicate 

that the ultimate capacity of the joint is controlled by the 

yielding of the longitudinal reinforcement, which is also 

confirmed by the test result of large opening of flexural 

cracks and yielding of the longitudinal reinforcement. It 

should be noted that the ultimate capacity controlled by 

concrete diagonal strut is much higher than the ultimate 

capacity controlled by the yielding of the longitudinal 

reinforcement or the transverse reinforcement. This result 

indicates that more reinforcement or higher grade 

reinforcement should be cooperatively used to take full 

advantage of the superior mechanical property of UHPC. 
 

 

5. Conclusions 
 

An experimental test on the flexural behavior of an 

innovative dovetail UHPC joint of the 5th Nanjing Yangtze 

River Bridge was conducted using three specimens. The 

model prototype was chosen from the real bridge and had a 

dimension of 3600 × 1600 × 170 mm. Based on the analysis 

of the test results and comparison between STM model and 

test results, it can be stated that: 

•  The average nominal flexural cracking strength of 

the test specimens is 7.7 MPa, signifying good crack 

resistance of the proposed dovetail UHPC joint. At failure, 

the ratio of deflection to span is about 1/30, indicating good 

deformability and ductility. 

•  Different from conventional reinforced concrete 

slabs, typical multi-cracking characteristic with small 

spacing was observed for UHPC joint slabs at failure. Only 

local layered peeling of compression zone concrete 

occurred although the concrete compressive strain exceeded 

the ultimate compressive strain. 

•  A new ductility index, expressed by dividing the 

ultimate deflection by flexural cracking deflection, was 

introduced to characterize the post-cracking ductility 

capacity. The average values of the ductility indices μcr and 

μu were 34.7 and 2.2, indicating considerable deformability 

after cracking and yielding of longitudinal reinforcement. 

•  It is recommended that high grade reinforcement be 

cooperatively used to take full advantage of the superior 

mechanical property of UHPC. 

•  The proposed STM model provided a safe prediction 

of the flexural moment capacity for the test UHPC joint 

specimens with U-bar details. 
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