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Abstract 

The use of link slab (LS) made of Engineered Cementitious Composite (ECC) in the con-
struction of joint-free bridge deck can meet structural performance requirements 
and enhance durability to minimize life cycle costs. Studies documented in the lit-
erature to date have been limited to composite steel-concrete I-deck girder bridges 
despite their commonly used reinforced concrete (RC) girder counterparts in construc-
tion. This paper deals with two span full RC deck girder joint-free bridges with ECC link 
slab (ECC-LS) constructed and tested under static and fatigue loading up to 1,000,000 
cycles at 4 Hz subjected to mean stress level of 40% of girder ultimate load, followed 
by post-fatigue static loading to failure. Residual load, deflection, moment, rotation, 
stiffness, and energy absorbing capacity of fatigued bridge specimens are compared 
with its virgin (non-fatigued) counterparts to assess structural performance. Experi-
mental moment capacities are compared with those obtained from existing analyti-
cal equations. The comparative performance of joint-fee bridge with RC deck girder 
is compared with its composite steel-concrete I-girder counterpart to assess its feasibil-
ity of construction.

Keywords:  Joint-free bridge, Link slab, Engineered cementitious composite, Static and 
fatigue loading, Reinforced concrete deck girder, Residual strength

1  Introduction
Over the last decade, self-consolidating ECC has been developed with superior ductil-
ity and durability - which translates to speedy construction, reduced maintenance and 
a longer life span for the structure. Tensile strain capacity exceeding 5% has been dem-
onstrated on ECC materials reinforced with polyethylene and polyvinyl alcohol fibres. 
ECC strain hardens after first cracking, and demonstrates a strain capacity 300 to 500 
times greater than normal concrete. Even at large imposed deformation, crack widths 
of ECC remain small, less than 60 μm (Li 2003, 2019; Li and Li 2011; Zhang et al. 2019). 
Green and cost-effective ECC mixtures have been developed by incorporating industrial 
by-products and natural pozzolans as replacement of cement as well as locally available 
aggregates (Sahmaran et al. 2009; Sherir et al. 2018; Siad et al. 2018).

Viability of using ECC in infrastructure applications such as building and bridge 
structures has been investigated over the years (Caner and Zia 1998; Alampalli and 
Yannotti 1998; Kim et  al. 2004; Lepech and Li 2009; Hossain et  al. 2015; Chu et  al. 
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2023). With intrinsically tight crack width and high tensile ductility, ECC represents 
a new generation of high-performance concrete material that offers significant poten-
tial to resolving the durability problem and increasing the service life of reinforced 
concrete (RC) structures (Hossain et al. 2020).

Deck joints represent one of the major sources of deterioration and typically require 
expensive maintenance or replacement over the service life of a bridge. Expansion 
joints can be replaced by flexible link slabs (which maintains rotational capacity of 
adjacent spans) forming a joint-free multi-span bridge and hence, solving the prob-
lem of premature corrosion deterioration components by not allowing deposition 
of moistures, chemicals and other debris (Caner and Zia 1998; Alampalli and Yan-
notti 1998; Li et al. 2003; Kim et al. 2004). The high strain capacity while maintaining 
low crack widths of ECC, make it an appropriate material for the link slab applica-
tion. Figure 1 shows a typical two span joint-free bridge with a link slab (LS) showing 
expected moment diagram. LS is normally the part of the deck between inflection 
points and has debonding and transition zones. Testing on two-span joint-free steel 
and reinforced concrete (RC) girder bridges with conventional RC link slab (not ECC) 
exhibited the development of negative bending moment in link slab as shown in Fig. 1 
(Caner and Zia 1998).

Research on isolated ECC link slab (ECC-LS) in composite deck-steel I- girder 
bridges under static and fatigue loading showed enhanced rotational capacity, micro-
cracking characteristics, residual strength and energy absorbing capacity compared 
to their conventional concrete counterparts (Kim et al. 2004; Hossain et al. 2015; Chu 
et al. 2020, 2021; Zhang et al. 2021; Karim and Shafei 2021). The glass fiber reinforced 
polymer (GFRP) rebar incorporated LS exhibited better durability and rotational 
capacity compared to their steel rebar counterparts (Karim and Shafei 2021; Chu 
et al. 2020, 2021; Zhang et al. 2021). Experimental and numerical investigation on two 
span steel-concrete composite deck girder joint-free bridges with ECC link slab under 
static and fatigue loading also revealed satisfactory performance and viability of such 
construction (Chu et  al. 2022a, 2023). ECC made or rehabilitated bridge and build-
ing elements also showed higher strength, ductility and durability compared to their 

Fig. 1  Joint-free bridge with link slab
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conventional concrete counterparts (Yeganeh and Hossain 2023; Hossain et al. 2019, 
2020, 2021; Zhou, et al. 2021, Huang et al. 2021).

Notable amount of research has been conducted on ECC incorporated joint-free 
bridge and individual LS having steel-concrete composite I-girders. A study on individ-
ual ECC link slab incorporated in RC deck girder bridge was conducted recently (Chu 
et  al. 2022b) with no research on LS incorporated full joint-free bridges till to-date. 
Hence investigation on full RC deck girder joint-free bridge is warranted to understand 
fully the structural behaviour as study on isolated ECC-LS could not provide sufficient 
information. The evaluation of structural performance of ECC-LS incorporated RC deck 
girder joint-free bridges is the novel aspect of this study. This paper presents test results 
of two-span pin-supported T-shape RC deck girder full joint-free bridges with ECC-LS 
subjected to static loading to failure and up to 1,000,000 fatigue load cycles at a cho-
sen stress level before being loaded to failure under monotonic load. The pre-fatigue-
fatigue/post-fatigue load-deflection or moment-rotation responses, strain development, 
cracking characteristics, failure modes and energy absorption capacities are analysed to 
compare performance with their counterparts similar steel-concrete composite -girder 
joint-free bridges from previous research studies (Chu et al. 2022a, 2023). Experimen-
tally obtained load and moment capacities of RC-LS and joint-free bridge are also com-
pared with those obtained from existing analytical models.

This study has made meaningful contributions in understanding static and fatigue 
behaviour of novel RC deck girder joint-free bridges with ECC-LS and formulating 
design guidelines that will benefit engineers, researchers and local authorities.

2 � Experimental investigation
Two identical two-span pin-supported joint-free RC deck girder bridge specimens (des-
ignated as B0N and B4H) with ECC-LS were tested whose details are shown in Table 1. 
B0N was tested under monotonic loading to failure, while B4H was first subjected to 
fatigue loading at 40 ± 10% stress level for 1,000,000 cycles before being loaded to failure 
under monotonic loading failure in the post-fatigued stage. The designation ‘B0N’ (in 
Table 1) represents joint-free bridge (B) specimen tested under zero stress level (0) and 
no fatigue cycle (N) while ‘B4H’ represents joint-free bridge (B) specimen tested at 40% 
stress level (4) for 1,000,000 fatigue cycles (H).

The dimensions and steel reinforcement details in bridge specimens are shown in 
Fig.  2(a-b). The dimensions were chosen based on 1/12th scale of the bridge simu-
lated by Caner and Zia (1998). Some modifications to deck thickness and debond 
zone length were needed to improve constructability of the small-scale specimens as 
used previously for steel-concrete composite I-deck- girder bridges (Chu et al. 2023). 
However, deck slab thickness-to-debond zone length ratio was maintained close to 
that used by Caner and Zia (1998). The bridge specimens had two adjacent RC slab on 
girder (T-girders) as main spans (each of 1150 mm in length) with an ECC-LS having 
340 mm transition and 240 mm debond zones (Fig. 2a). Deck girders were composed 
of a concrete T-section reinforced with 4-10 M longitudinal steel bars in two layers 
in the web, and stirrups (6 mm diameter bars @ 39 mm c/c) extending into the flange 
or bridge deck (Fig. 2a-b). In steel-concrete composite I-deck- girder bridges, shear 
studs are used to connect steel girder to concrete deck. Stirrups were not extended 
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from the girder web to the link slab within the debond zone (which is typically 5% of 
span length) to improve link slab flexibility. In addition, smooth frictionless interface 
was ensured by placing roofing tape between deck and girder web. Kim et al. (2004) 
proposed link slab design details to include a transition zone extending on either side 
of the debond zone to transition between two materials from the ECC link slab to 
the normal concrete deck. The transition zone was introduced on either side of the 
ECC-LS to prevent premature failure at the interface between LS-ECC and main deck 
interface and this was achieved by doubling the amount of stirrups (6 mm bar @ 20 
mm c/c) (Fig. 2a) in this zone. In the ECC-LS and bridge deck Sect. (300 × 55 mm) 

Fig. 2  Joint-free bridge specimens: design and construction details. a Joint-free bridge specimen design 
details. b Cross-section of T-deck girder. c Girder reinforcement and formwork. d deck reinforcement and 
formwork



Page 5 of 17Anwar Hossain et al. Advances in Bridge Engineering             (2024) 5:5 	

as shown in Fig. 2(a-b), minimum longitudinal reinforcing ratio of 0.01 (3–6 mm dia 
bars) and minimum transverse reinforcements for temperature and shrinkage (6 mm 
diameter bars at 210 mm c/c were provided as per existing design guidelines (Lepech 
and Li 2009; Chu et al. 2022b).

A commercial self-consolidating concrete (SCC) was used to cast first the bridge deck 
girder parts and after 24 h, middle link slab part was cast using an ECC. Figure 2(c-d) 
show reinforcements and formworks before casting of SCC/ECC to make bridge speci-
mens. SCC and ECC mix details are presented in Table 1 and more details on mixing 
and casting procedures can be found in Chu et al. (2022b). The compressive and flex-
ural strengths of SCC and ECC were determined using control cylinder (100 × 200 mm) 
and beam (355 × 75 × 50 mm) specimens. Joint-free bridge and control specimens were 
moist cured for 7 days at 23oC and then air cured in the laboratory until testing at the 
age of 28 days. Rebar properties were determined by testing coupon specimens. Proper-
ties of SCC, ECC and rebar materials are presented in Table 1.

3 � Theoretical analysis
The moment capacity (Mr-g) of RC T-deck girder is determined based on Eq. 1 consid-
ering deck (flange) and web reinforcement using strain (€) and stress/force diagrams 
as shown in Fig. 3.

where φs = (1.0): steel material reduction factor, fy (= 400 MPa) and As (=0.000412m2) : 
rebar yield strength and area, respectively, d (= 0.103m) :effective depth, a (=0.013m) : 
rectangular stress block depth from Eq.  2, α1 ( = 0.8), φc ( = 1.0) : concrete material 

(1)Mr−g = ϕsfyAs d −
a

2
= 15.85kNm

(2)a =
ϕsfyAs

a1ϕcf ′c be

Table 1  Specimen details, material properties, and testing regime

 Commercial SCC: Portland cement, silica fume, 10 mm aggregate and admixtures

 ECC: mortar sand, Portland cement, class C fly ash, high-range water-reducing admixture, 10 mm-long polyvinyl alcohol 
fibres

 Compressive strength: 51 MPa (SCC); 62 MPa (ECC); flexural strength is 5.8 MPa (SCC), 6.1 MPa (ECC), Steel yield strength = 
400 MPa (Mean values of at least three specimens)

Geometric dimensions and material properties

Designation Specimen 
Type

Overall 
Length 
(mm)

Debond 
Zone 
Length 
(mm)

Transi-
tion Zone 
Length 
(mm)

Girder & 
Deck Mate-
rial

Link Slab 
Material

Rebar 
Material

B0N Full bridge 2300 240 340 SCC ECC Steel

B4H

Testing scheme

Designation Loading Type Number of 
Cycles

Mean Stress Level (%)

B0N Static monotonic 0 N/A

B4H Fatigue-post-fatigue monotonic 1,000,000 40±10
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reduction factor, f ’c (= 51 MPa): concrete compressive strength, and be (= 0.3 m): effec-
tive flange width.

ECC-LS resists bending moment due to adjacent girder end rotations as shown in 
Fig.  1 (Caner and Zia 1998). The moment capacity of ECC-LS (Mr−LS) is calculated 
using stress/force diagram (Fig. 4) taking into account ECC tensile force components 
FT−ECC1 (= fcr(yt-c)be) and FT−ECC2 (= 0.5fcrbec) as per Li et al. (2003) as well as rebar 
tensile force FT−bar (= fyAs) and ECC compressive FC−ECC (= 0.5fcbeyb) using Eq.  3 
(Lepech and Li 2009).

where c: depth of triangular stress block, be: effective width of the slab, ts: total slab thick-
ness, dt: rebar distance from top, yt and yb: distance of neutral axis (N.A.) from top and 
bottom, respectively, fcr (assumed to be 3.45 MPa as per Li et al. 2003) and fc: ECC crack-
ing strength under uniaxial tension and compressive strength, respectively. Detailed cal-
culations can be found in  Chu et al. (2022b).

4 � Joint‑Free bridges with RC Deck Girder
4.1 � Experimental setup

 The RC deck girder full joint-free bridge specimen B0N (non-fatigued) with ECC 
link slab (Table 1) was placed on four roller supports for static testing to failure using 
a loading system which applied load at a rate of 3 kN/min (Fig.  5a-b). The exterior 
rollers were shimmed to prevent horizontal movement. The bridge was loaded by a 
spreader beam such that a line load was applied in the middle of each of the adjacent 
spans to induce positive moment in the girders (Fig. 5a-b).

(3)

Mr−LS = FT−ECC1

(

yt − c

2
+ c

)

+FT−ECC2
2

3
c+FT−bar

(

yt − dt
)

+Fc−ECC 2

3
yb

= 2.01 kNm

Fig. 3  RC deck girder analysis

Fig. 4  ECC link slab analysis
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RC deck girder joint-free bridge specimen B4H was subjected to fatigue loading using 
the same test setup as for monotonic loading (Fig.  5a-b). Initial ramp to fatigue was 
applied at 3 kN/min up to 40% of RC girder yield load of the virgin specimen B0N. Once 
the mean stress level was achieved, fatigue load was applied at 40 ± 10% stress level 
for up to 1,000,000 cycles (at 4 Hz). Fatigue load was stopped for minimum 2 h every 
200,000 cycles to allow the hydraulic system to cool. After cumulative 1,000,000 cycles, 
the specimen was unloaded to 0 kN prior to initiating post-fatigue static load to failure 
using the same procedure as specimen B0N.

Load, displacement, and strain development were recorded at strategic locations 
(Fig. 5a-b) during the test using a computer aided data logger. Linear voltage displace-
ment transducers (LVDTs) were used to record vertical displacements at various loca-
tions including midspan of girders and link slab to determine overall deflected shape 
of the bridge and calculate girder end rotations. The variation of strain across the link 

Table 2  Deflections of joint-free bridge at the start and end of fatigue cycles

- Downward + upward

Deflection Girder Link Slab

Start of cycles (mm) -4.00 0.23

End of cycles (mm) -4.66 0.33

 Change in deflection (%) 17 42

Fig. 5  Testing and instrumentation of RC deck girder joint-free bridge. a Schematic of RC deck girder 
joint-free bridge loading with instrumentation. b Joint-free bridge test setup and instrumentation
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slab depth at mid span was recorded using strain gauges installed at the top and bot-
tom surfaces of the ECC-LS and embedded rebar. The strain variation at mid span of the 
bottom layer of rebar in RC girder strain was also recorded (Fig. 5a-b). Cracking, crack 
progression and failure modes were visually observed during testing. After unloading 
of the failed specimens, cracks were counted, and widths measured using a crackscope 
accurate to the nearest 0.05 mm.

4.2 � Test results during fatigue loading and discussion

The fatigue behaviour of specimen B4H subjected to 1,000,000 cycles at 40 ± 10% fatigue 
stress level was assessed based on load-deflection response and strain development at 
both the bridge mid-span, and at the middle of the link slab. Results were compared with 
a companion steel girder joint-free bridge with ECC link slab which was also subjected 
to same fatigue stress level and number of cycles. The main difference between the rein-
forced concrete and steel girder bridges was in their flexural rigidity (EI), which was 7.9 
times higher for the steel girder compared to its reinforced girder counterpart.

Load-deflection responses at girder mid-span (one of the two girders is shown due to 
symmetry) and middle of link slab of Specimen B4H during 1 million cycles of fatigue 
loading are shown in Fig. 6a. Deflections at both locations increased with the increase 
fatigue cycles, however RC deck girder downward (-ve value) mid-span deflection 
remained within 5 mm compared to 0.5 mm of link slab upward (+ ve value) deflection 
throughout 1,000,000 cycles of fatigue loading. Table 2 presents deflections at the start 
and end of fatigue cycles, and corresponding deflection bandwidths calculated as the 
difference between the two values. Girder and link slab mid-span deflections increased 
by 17% and 42%, respectively as fatigue cycles progressed. These increases are greater 
than those observed in composite steel girder specimens (Chu et  al. 2023) of similar 
dimensions and materials. Therefore, the reinforced concrete girder specimen showed 
improved main bridge span flexibility due to lower EI. Flexibility of the reinforced con-
crete girder also allowed for higher increase in link slab deflection compared to its steel 
girder counterpart. In contrast, high EI of the steel girders limited bridge mid-span 
deflection and corresponding link slab deflection increase during fatigue loading.

Figure  6b shows that instantaneous stiffness (calculated as load per span divided by 
corresponding mid-span deflection from load-deflection response) of the joint-free RC 
bridge deck girder decreased by 12% (from 7.65 kN/mm to 6.73 kN/mm) after 1,000,000 
fatigue cycles and exhibited more degradation than its composite steel deck girder coun-
terpart (Chu et al. 2023) due to crack development and propagation from bottom to top 
fibre of the girder as fatigue progressed. An increase of the instantaneous stiffness of link 
slab (Fig. 6c) of specimen B4H from 45.00 kN/mm to 60.07 kN/mm was observed during 
fatigue loading due to the flexibility of the RC deck girder, such that fatigue load caused 
deformation of bridge span rather than transferring to the link slab.

Figure 7a shows the variation of mid-span strains at the top and bottom fibre and in 
embedded rebar of ECC-LS during fatigue loading. Table 3 also summarizes strains at 
the start and end of fatigue cycles and associated strain bandwidth calculated as the dif-
ference between end and beginning of fatigue cycles. ECC tensile strain at the top fiber 
of link slab decreased by 10% at the end fatigue cycles possible due to location of cracks 
developed during testing. ECC compressive strain at the bottom fiber was increased 
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by 194 microstrain, however remained well within typical concrete crushing strain of 
-3500 microstrain throughout fatigue loading. Rebar tensile strain was increased by 3160 
microstrain and yielded (exceeded 2000 microstrain) during fatigue cycles.

Figure 7b shows mid-span strain development in the bottom rebar of RC deck girder 
and top rebar of the link slab. The link slab rebar yielded during fatigue loading at cycle 
271,728, however girder bottom reinforcement at mid-span remained within 1169 

Fig. 6  RC deck girder joint-free bridge fatigue behaviour: a load-deflection response, (b) girder stiffness 
evolution, (c) link slab stiffness evolution

Table 3  Joint-free bridge link slab strains at beginning and end of fatigue cycles

Strain Concrete Tensile 
Strain (microstrain)

Concrete Compressive 
Strain (microstrain)

Rebar Strain (microstrain)

At start of cycles 336 -338 523

At end of cycles 303 -532 3683 (>2000, yielded)

Bandwidth (End - Start) -33 -194 3160
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microstrain (not yielded) after 1,000,000 cycles (Fig. 7b). This showed that the link slab 
failed during fatigue loading while the main RC deck girder remained intact.

4.3 � Post‑fatigue behaviour of RC joint‑free bridge

After 1,000,000 fatigue cycles, the RC girder joint-free bridge B4H (at 40 ± 10% e stress 
level) was fully unloaded, then subjected to static load to failure. Post-fatigue behaviour 
in terms of deflection, rotation, energy dissipation and modes of failure were compared 
with those of virgin/non-fatigued companion specimen B0N. The results RC girder and 
companion steel girder with 7.9 times higher EI) bridge specimens (Chu et  al. 2022a, 
2023) subjected to same fatigue stress level and number of cycles were compared.

 Figure 8(a-b) show the development of concrete/embedded rebar strain at mid-span 
in RC deck girder and ECC-LS for non-fatigued (B0N) and fatigued (B4H) specimens. 
Table 4 summarizes post-fatigue strains at ultimate load, post-fatigue residual strain at 
zero loading and total strain (residual strain + post fatigue strain). ECC and rebar strain 
development in fatigue-damaged RC girder or LS during post-fatigue monotonic load-
ing was lower than their non-fatigued counterpart and these specimens exhibited lower 
post-fatigued failure load, as expected. The post-fatigue ECC tensile and compressive 

Fig. 7  Strain development in joint-free bridge during fatigue loading (a) link slab, (b) rebar strain in girder 
and link slab

Table 4  Strains in fatigued and non-fatigued bridges during post-fatigue loading to failure

B0N Non-fatigued, B4H 40±10% fatigue stress level for 1,000,000 cycles, rs Residual strain at unloading to zero load, total 
total strain at ultimate load during post-fatigue loading, n/a Not applicable

*yielded (failure due to yielding of RC girder

Designation Link slab mid-span strains at ultimate load 
(microstrain)

RC deck girder mid-span strains at ultimate 
load (microstrain)

ECC top 
surface  
(rs, total)

Steel rebar 
(rs, total)

ECC bottom 
surface  
(rs, total)

SCC deck top 
surface  
(rs, total)

Deck steel 
rebar  
(rs, total)

Girder bottom 
rebar (rs, total)

B0N 44 1480 -1003 -697 (n/a, n/a) 325 (n/a, n/a) *2000 (n/a, n/a)

B4H 980 (46, 1026) 671 (3504, 
4175)

-508 (-379, 
-887)

-1160 (-190, 
-1350)

600 (225, 825) *2000 (269, 
2269)
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strains (980 microstrain and − 508 microstrain, respectively) remained also within the 
expected material limits (20,000 microstrain and 3500 microstrain, respectively) even 
after accounting for permanent set.

 Figure  9(a-c) shows cracking and failure modes during fatigue loading and post-
fatigue loading to failure of non-fatigued and fatigued bridge specimens. During fatigue 
loading of specimen B4H, flexural cracks were initiated from the top surface of the link 
slab and then from the bottom surface of RC girder near the mid-span regions as shown 
in Fig. 9a. It was noted that the link slab failed by rebar yielding during fatigue loading as 
confirmed from the strain exceeding 2000 micro strain at ultimate load (Table 3).

During monotonic loading both virgin (B0N) and fatigued (B4H) specimens, flexure 
cracks were developed near LS mid-span first followed by RC girder and extended 
and branched from the surface to the depth (Fig.  9b-c). In case of fatigued speci-
men, already developed flexural cracks in RC girder and link slab were extended and 
branched as load increased. ECC link slabs exhibited multiple micro-cracking behav-
iour with formation of distributed cracks in the debond zone. Both specimens, exhib-
ited similar failure modes due to yielding of RC girder as can be seen from bottom 
rebar strains (exceeding 2000 micro-strain) at ultimate load of 63.05 kN and 58.09 
kN, respectively (Table  4). As link slab in specimen B4N failed due to rebar yield-
ing during fatigue cycles, RC girder was predominately carried the load during post-
fatigue loading. Prior to failure, RC deck developed longitudinal cracking and also 
transverse cracking under the loading area when one of the flexure cracks propagated 
into a major crack (Fig. 9b-c). The average crack width in ECC-LS was 0.12 mm. The 
link slab rebar in the non-fatigued virgin specimen (B0N) did not yield even up to the 
end of the static test to failure with strain remaining less than 1500 microstrain as 
shown in Table 4. The failure observed in this study was in agreement with conven-
tional concrete LS incorporated joint-free bridge documented in the literature (Caner 
and Zia 1998), where the bottom rebar of the RC deck girder was also the first com-
ponent to yield. However, rebars in the conventional concrete link slab part of the 
joint-free bridge tested by Caner and Zia (1998) yielded shortly after the maximum 

Fig. 8  a Rebar and (b) ECC strains (without residual for fatigued specimens) during post-fatigue loading to 
failure
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load and exhibited only two cracks concentrated at the centre of the link slab with 
average width greater than 1.5 mm, rather than distributed across the debond zone 
as observed in this study where the link slab part was constructed using ECC. It is 
noted that the ECC link slab failed by rebar yielding during fatigue loading in speci-
men B4H, whereas it survived beyond the failure of the RC deck girder in the virgin 
specimen B0N.

Post-fatigued load-deflection (without residual strain) responses at mid span of 
RC deck girder and LS of fatigue damaged specimen B4H (monotonically loaded to 
failure) are compared with those of virgin specimen B0N in Fig.  10a with moment-
rotation responses in Fig.  10b. The post-fatigue RC deck girder stiffness (10.9 kN/
mm) of specimen B4H (calculated from Fig.  10a) was reduced by 14% compared to 
its pre-fatigue ramp stiffness (9.4 kN/mm) prior to start of fatigue loading (calculated 
from Fig. 6a) as shown in Table 5. Ultimate loads and associated deflections (includ-
ing residual and cumulative deflections of fatigued specimen) of fatigued and virgin 
bridge specimens are presented in Table  5. The residual girder deflection of -1.40 
mm at the end fatigue loading and cumulative deflection of -5.40 mm at ultimate 
load during post-fatigue loading also indicated fatigue-induced damage of specimen 
B4N. Post-fatigue ultimate load/strength of the fatigued damaged specimen B4N was 
reduced by approximately 5 kN besides stiffness compared to its non-fatigued B0N 

Fig. 9  Failure modes showing crack pattern of joint-free bridge specimens. a Cracking of joint-free bridge 
(B4H) upon completion of fatigue loading. b Cracking and failure of non-fatigued joint-free bridge (B0N) after 
monotonic load to failure. c Failure of fatigued joint-free bridge (B4H) after monotonic load to failure
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counterpart indicating damage during fatigue loading. In contrast, post-fatigue LS 
stiffness (slope of girder load-LS mid-span deflection response, Fig. 10a) of 118.3 kN/
mm for specimen B4H was increased by 5% compared to pre-fatigue stiffness of 112.5 
kN/mm as shown in Table 5. The LS stiffness increase could be attributed to the con-
centration of load and associated deflection in the RC deck girder rather than trans-
ferring to the link slab (which had already failed by rebar yielding during fatigue) as 
post-fatigue monotonic load increased.

Deflected shapes of pre and post-fatigued RC and composite steel (Chu et al. 2022a, 
2023) girder bridges (based on cumulative deflection including residual deflection) dur-
ing monotonic loading to failure are shown in Fig.  11 at 50% load level. Both RC and 
composite steel deck girder bridges exhibited typical behaviour of a joint-free bridge 
with positive and negative moment in the deck-girder spans and LS, respectively (as 
shown in Fig. 1). The inflection points in RC girder bridge in pre and post-fatigue stages 
were located at 12% and 10% of each span length, respectively (a reduction of 2% due 
to fatigue) which showed link slab damage resulting in decreased continuity. The pre 
and post-fatigue inflection points (11% and 9% of span, respectively showing a reduc-
tion of 2% due to fatigue) of composite steel girder bridge were less than their RC girder 

Table 5  Summary of load, deflection, stiffness and energy absorbing capacities of bridges

B0N Non-fatigued, B4H 40±10% fatigue stress level for 1,000,000 cycles, rd Residual (non-recovered) deflection at unloading 
to zero load, total Total deflection at ultimate load during post-fatigue loading, before During ramp prior to start of fatigue 
loading, and after During post-fatigue monotonic load to failure, n/a Not applicable

RC Bridge Ultimate 
load 
(kN)

RC girder mid-
span deflection 
at ultimate load 
(rd, total) (mm)

Link slab mid-
span deflection 
at ultimate load 
(rd, total) (mm)

RC deck 
girder 
stiffness 
(kN/mm)

Link slab 
stiffness 
(kN/mm)

Link slab energy 
absorbing capacity 
(J)

B0N 63.05 -4.53 (n/a, n/a) 2.24 (n/a, n/a) - - 24.2

B4H 58.09 -4.04 (-1.34, -5.40) 0.17 (0.14, 0.30) 10.9 
(before), 9.4 
(after)

112.5 
(before), 
118.3 
(after)

1.5

Fig. 10  Non-fatigued and fatigued joint-free bridge (a) load-deflection response, (b) moment rotation 
response
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counterpart. The link slab-to-girder EI ratio was far less for the steel bridge (0.09 com-
pared to 0.69) so that it provides more flexibility for adjacent girders to behave effec-
tively like a simply supported spans as desired in a joint-free bridge. In all cases, the 
inflection points were within the expected range (less than 25%) and slightly greater than 
7.5% (assumed for LS specimen design). However, the bridge designer should take into 
account link slab-to-girder EI ratio in designing joint-free bridges to simulate effectively 
simply supported adjacent spans and control desired girder end rotation. Link slab-to-
girder EI ratio is an important factor in controlling flexibility of adjacent girders and 
their end rotations in such bridges.

Link slab energy of the full bridge specimen was determined for comparison perfor-
mance by taking area of the applied girder load -link slab deflection responses (Fig. 10a) 
up to yielding of girder bottom steel rebar. The RC girder bridge ECC link slab showed 
93% post-fatigue energy reduction (reduced from 24.2 J to 1.5 J) compared with its virgin 
non-fatigued counterparts (Table 5). The same reduction percentage was also observed 
in RC and composite steel deck girder bridge counterpart which was reasonable as both 
failed by rebar yielding during fatigue cycles.

Figure 10b shows moment versus rotation curves of bridge specimens under o mono-
tonic loading to failure. Fatigued damaged specimen B4H showed less moment and rota-
tions at ultimate load compared to non-fatigued specimen B0N, as expected (Fig. 10b). 
Table 6 summarizes girder end rotation at ultimate load (Ɵult), ratio of Ɵult to maximum 
allowable rotation (Ɵall) of 0.00375 rad as per AASHTO (2015) (= Ɵult/Ɵall, considered as 
a measure of the factor of safety for the RC deck girder), ratio of load at link slab rebar 
yielding (PLSy) to load at Ɵall (Pall) (= PLSy/Pall considered a measure of the factor of safety 
for the link slab), ultimate girder moment (Mult), and ratio of Mult to theoretical moment 

Fig. 11  Deflected shape of pre-fatigue and fatigued joint-free steel and concrete girder bridges at 50% load 
level

Table 6  Summary of load, moment and rotation capacities of fatigued/non-fatigued bridges

B0N Non-fatigued, B4H 40±10% fatigue stress level for 1,000,000 cycles, θult Girder end rotation at ultimate load, θall 
Maximum allowable girder end rotation of 0.00375 rad, Mult Girder moment at ultimate load, Mr-g Girder design moment as 
calculated by Equations 1 and 2, rr: residual rotation at unloading to zero load, total: Total rotation at ultimate load during 
post-fatigue loading, PLSy Load when link slab rebar yielded, and Pall Load at θall, n/a Not apssplicable

Designation PLSy (kN) Pall (kN) Ratio (PLSy/ 
Pall)

θult
(rr, total) 
(rad)

Ratio (θult 
/θall)

Mult (kNm) Mr-g (kNm) 
Eq. 1

Ratio 
(Mult/ 
Mr-g)

B0N 63.05 11.05 >5.71 -0.01494 
(n/a, n/a)

3.98 15.76 15.85 1.02

B4H 24.09 11.22 2.15 -0.00896 
(-0.00697, 
-0.01593)

2.39 14.52 15.85 0.94
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(Mr-g). The link slab rebar in the non-fatigued specimen B0N did not yield even after the 
RC deck girder failed. Therefore, PLSy was greater than ultimate load of the specimen 
(63.05 kN) resulting in PLSy/Pall of > 5.71. Pall was 11.05 kN which was almost 2.85 times 
lower than the service load of the bridge (31.5 kN). So link slab to girder EI ratio (par-
ticularly geometric and material properties) can be optimized to make the service load 
close to the Pall for economical design of the joint free bridges. Link slab of specimen 
B4H yielded (achieved its moment capacity of 2.01 kNm based on Eq. 3) approximately 
at 24.09 kN (PLSy) with 0.01066 rad girder end rotation during fatigue loading resulted in 
a reduced PLSy/Pall of 2.15 compared to 5.71 of the virgin specimen B0N. Despite signifi-
cant reduction in PLSy/Pall, the link slab of the fatigued bridge had the ability to undergo 
maximum allowable rotation of 0.00375 rad as per AASHTO (2015) and CSA (2006). 
In comparison, the steel girder bridge required 7.25 times the load to reach Ɵall com-
pared to its concrete counterpart (Chu et al. 2022a, 2023). The Ɵult values showed that 
both non-fatigued and fatigued RC deck girders were capable of achieving higher rota-
tion than the maximum allowable Ɵall. Although the Ɵult/Ɵall (factor of safety) decreased 
from 3.98 to 2.39, the RC deck girder still maintained sufficient capacity despite failure 
of the link slab during fatigue cycles.

Theoretical girder moment capacity (Mr-g) of 15.40 kNm calculated based on theoreti-
cal Eq. 1 resulted in Mult/Mr-g of 1.02 for virgin specimen B0N. After 1,000,000 fatigue 
cycles, the experimental moment (B4H) reduced to 95% (14.52 kNm, Table 6) of the the-
oretical value as the calculations are only applicable for the non-fatigued RC deck girder.

5 � Conclusions
Two span RC joint-free bridge specimens with ECC-LS were subjected to static mono-
tonic loading to failure as well as subjected to 1,000,000 cycles of fatigue loading at 
40 ± 10% stress level before being monotonically loaded to failure. Based on the experi-
mental investigation, and in comparison, with results for dimensionally and materially 
similar composite steel deck girder incorporated The following conclusions were drawn 
from the study:

•	 During fatigue loading, the RC deck girder joint-free bridge with ECC-LS showed 
greater girder mid-span deflection increase, and higher stiffness degradation com-
pared with its composite deck-steel I girder counterpart. In addition, ECC-LS exhib-
ited distributed micro-cracking and failed due to steel yielding.

•	 ECC-LS in RC deck girder bridge exhibited 91% and 93% decrease in post-fatigue 
deflection and energy absorbing capacity at ultimate load compared with pre-fatigue 
values. Since the link slab rebar yielded during fatigue cycles, it’s contribution to ulti-
mate load capacity was limited during post-fatigue monotonic load to failure. The LS 
energy reduction was similar for RC and its counterpart steel-concrete composite 
girder incorporated joint-free bridge specimens.

•	 LS reinforcement yielded at 0.01066 rad girder end rotation during fatigue loading 
which suggested its capability to withstand maximum allowable rotation of 0.00375 
rad. Both non-fatigued and fatigued RC deck girders were capable of achieving 
higher rotation than the maximum allowable and maintained sufficient capacity 
despite failure of the LS during fatigue cycles.
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•	 The inflection points in RC joint-free bridge were within the expected range - slightly 
greater than 7.5% assumed for LS design. Theoretical equations are good in predict-
ing non-fatigued RC deck girder moment capacity reasonably well with the ratio 
of experimental to predicted values of 1.02. Modification is needed to determine 
moment capacity of fatigued damaged specimens.

•	 The study confirms the viability of constructing RC deck girder join-free bridges with 
ECC-LS. However, designer should optimize LS-to-deck girder EI ratio to achieve 
desired girder end rotation and more investigation is needed.
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