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ABSTRACT: In bridge construction, the advanced use of stainless-steel is urging day by day for its better
structural performance and outstanding features of aesthetics, corrosion resistance, high strength and long-
term durability. Recently, Hong Kong-Zhuhai-Macao Bridge (55km), Stone Cutter Bridge in Hong Kong is
constructed using the structural benefits of stainless steel. Current available design guidelines very
conservative to measure the structural capacity of strengthened stainless-steel sections imperiled to web
crippling. Numerical simulation model has been paid high attention to overcome laboratory issues in terms of
the testing cost and testing time to propose a new wide-ranging design guideline. In this study, series of test
has been conducted to propose a finite element model. Tests were performed by considering four different
testing conditions specified in the ASCE specification. Geometrical and material non-linear FEA model was
proposed for simulating experimental conditions. Total 170 data including 66 test results and 104 simulated
FEM data were used for developing design equation. Non-linear cohesive zone modeling and deboning
mechanisms are explained using the traction separation laws. From the simulated results, it is observed that
the ultimate capacity, failure modes of web-crippling and web deformations were simulated properly.
Extensive parametric analysis has been performed by the verified FEM analysis considering different tubular
steel sections in different loading conditions. Based on the parametric analysis, a design equation has been
established and this design equation results show the excellent agreement of numerical and experimental data.
The proposed design equation shows the more accurate and versatile results for strength of web crippling of
CFRP enhancement stainless-steel hollow sections.

1 INTRODUCTION

Stainless-steel has high strength capacity and significant corrosion resistance when it is used as structural
elements in bridge construction. It has also high durability and it is expanding for applications in bridge
construction. Recently, Hong Kong-Zhuhai-Macao Bridge (55kM), Stone Cutter Bridge in Hong Kong
bridges and Cala Galdana Road Bridge, Spain has been constructed with stainless-steel as shown in Figure
1.Gedge (2005, 2007, 2008) explained the use of stainless-steel in bridge construction in his research.
Structural applications of stainless-steel have been significantly increased since 2000. Twenty bridges since
1999 to 2011 those are constructed by stainless-steel described by Islam and Young (2015). The durability of
the stainless-steel bridges is higher than other types of bridges. Such as, Hong Kong-Zhuhai-Macao Bridge
(55kM) did not require any maintenance in 120 years. So, stainless-steel bridge is cost effective compared to
carbon steel bridges.

Carbon steel bridge has huge structural deficiency during service period and repair, or rehabilitation is
required using advanced composite materials. These materials offer an effective result for momentary retrofit
or long-term rehabilitation (Miller et al. 2001). FRP materials are used for strengthening purposes for carbon
steel bridges which is stated by Tani et al. 2000; Miller et al. 2001; Sen et al. 2001; Katsuyoshi et al. 2005;
Suzuki 2005; Schnerch and Rizkalla 2008. The stiffeners used in the bridges those can resist the cripple of the
webs of cold-formed stainless steel. Conventionally, the repair works have done by adding external plate and
or replace the plates (Zhao and Zhang 2007). However, the existing repairing methods increase the weight of
the structures and sometimes it is tough to fix the plates. During repairing works, corrosion risk can be
happened, and fatigue comes out of the steel plates. Therefore, externally bonded FRP strengthening practice
is the best alternative way to strengthen the structures subjected to load concentration. However, few studies
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have been done on FRP strengthening of stainless-steel sections in past. Particularly, stainless-steel sections
subjected to web crippling have not been investigated properly. Extensive research has to be done for better
understanding the structural behaviour of strengthening of stainless steel tubular section subjected to load
concentration. Islam and Young (2012, 2014) performed a series of tests for the CFRP strengthened structural
elements. All tests were conducted for cold-formed members subjected to web crippling. From the
experimental results it is clearly indicated that the ultimate capacity of CFRP strengthened member’s
increases significantly. In the literature, different numerical simulation works have been found CFRP
strengthened members (Islam 2012; Islam and Young 2019).

Currently, 3D numerical tool ABAQUS is used widely to measure the actual behaviour of CFRP
strengthened elements. Many design codes such as ASCE, AS/NZ and EN developed for cold-formed
stainless-steel members and all these codes have some limitations on material strengths. Design guidelines of
bared carbon steel subjected to web crippling by EN code is not applicable for CFRP strengthened structural
members. So, there is strong need to propose a unified and new design model to predict the ultimate capacity
of CFRP strengthened structural members.

To address the above issues, three different steps have been completed. Firstly, the numerical simulation
has been conducted for CFRP strengthened structural members by ABAQUS 2009. Secondly, extensive
parametric study has been done for different web slenderness ratio. The value selected for this parametric
study ranges from 4.8 to 113.6. Finally, the design guideline is proposed for CFRP strengthened members
based on the parametric analysis. The proposed design guideline has been verified by the reliability analysis.

(a) Hong Kong-Zhuhai-Macao Bridge (b) Stone cutter bridge, Hong Kong, 2010  (c) Cala Galdana Road Bridge, Spain 2005
(55kM)
Figure 1. Application of stainless-steel in bridge construction.

2 EXPERIMENTAL INVESTIGATIONS

In this study, total 66 specimens were prepared for testing under web crippling. In total 34 specimens were
made by ferritic stainless steel and other 32 specimens were by lean duplex stainless steel. All specimens
were tested under different loading conditions such as ETF, ITF, EOF and IOF(Islam and Young 2012, 2014).
Two types of cross-sections including square and rectangular hollow sections were considered is presented in
Figure 2.
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(a) Square tubular steel section (SHS)  (b) Rectangular tubular steel section (RHS)
Figure 2. Different types of tubular steel section.
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Total 5 ferritic and 5 lean duplex sections were considered for the test under web crippling. The main
parameters such as tube thickness range from 1.5 mm to 4 mm and depth of section web varies from 30 mm
to 150 mm. The flange width and the web slenderness vary from 30 mm to 150mm and 8.1 to 57.3
respectively. The bearing length was constant for loading configurations (ETF, ITF and IOF) and the constant
value was 50mm. The bearing length was different for EOF and the constant value used as 30 mm.

Coupon test was performed to measure material properties. The test was performed by following the
instructions of ASTM (1997) and AS (1991) codes(Islam and Young (2012, 2014). Six specimens were
denoted by ‘a’ to ‘f” for FRP and ‘A’ to ‘F’ for adhesive. The important properties of strengthen materials and
adhesive were tested by Islam and Young (2012, 2014). Figure 3 illustrated the stress-strain diagram of
stainless steel and FRP material. The composition of the composite strengthening materials was determined
based on the Islam and Young 2012, 2014model. Before strengthening, the surface treatment is crucial for
better performance of strengthening materials. For ferritic steel sections, the surface was treated by sander
method is appropriate to achieve the improved results of ultimate capacity. On the other hand, electric grinder
surface treatment can perform for the lean duplex tubular sections (Islam and Young 2012, 2014). Section
geometry, material properties, number of FRP layer and loading condition was considered according to Islam
and Young 2012, 2014 previous article.
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Figure 3. Material properties (c-¢ curve) of steel and strengthening Figure 4. Different loading conditions for web crippling.
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Figure 5. Test set up of ITF loading condition. Figure 6. Test set up of IOF loading condition.

Different testing configurations (ETF, ITF, EOF and IOF)are presented in Figure 4. INSTRON servo-
controlled hydraulic testing machine was used to conduct the web crippling test of stainless-steel tubular
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sections. Figure 5-6 shows the testing setup view of ITF and IOF loading conditions. Experimentally, the
failure patterns of CFRP strengthened specimen were detected (Islam and Young 2012, 2014). The outward
buckling of web has been noticed and it is found that the plastic hinge zone found at ultimate limit state.

3 NUMERICAL ANALYSIS
3.1 Modelling Descriptions

Commercially available numerical software ABAQUS (2009) have been used to simulate the test results. To
simulate the test results accurately, finite element (FE) modelling was develop for five key parameters. The
bearing plates, stainless tubular section, adhesive, CFRP and the interfaces between stainless steel and
adhesive were modelled by ABAQUS (2009). In FE modelling 4-node S4R element was considered for the
steel section. To avoid the convergence problem and reduce the computational time appropriate mesh size
2mm along the transverse direction and 10mm along the length was used. At the corner of the section,
comparatively smaller mesh size was used as shown in Figure 7. The boundary conditions were restrained
along the vertical axis.

For the steel bearing plate, C3D8R solid element was considered. The interaction between stainless section
and bearing plate was considered as “contact pair”. Geometrical non-linearity (*NLGEOM) was considered
for the analysis. Displacement was applied as load and static general loading method was considered. Actual
testing configuration was made in FEA to capture the actual behaviour. For the FE analysis certain
displacement 5mm was applied as load. The FE modelling procedure details are given in Islam and young
(2018).

) Dense meshing at corner
Bearing Plat

Stainless steel section

CFRP plate

Figure 7. FE modelling and meshing of stainless-steel section and bearing plate.

3.2 Material Model

From the coupon test, the material model of stainless-steel tube was developed. Multi-linear stress-strain
curve prepared from regression analysis. The true stress was calculated from the engineering stress and the
conversion has been performed based on Eq. (1). Similarly, the true strain also calculated from the
engineering strain according to Eq. (2). Plastic true strain has been used in ABAQUS model. The plastic true
strain is related to true stresses and logarithmic strains. The Eq. (3) is shown to calculate the true plastic
strain.

Utrue = 0-(1 + 8) (1)
sfrlue =In(1+ €) — 640 /Eo (3)

where, E,, o and ¢ are initial modulus of elasticity, engineering stress and strain respectively. The elastic
modulus of CFRP was taken as 210-300 GPa and thickness 1.4 mm. S4R elements was used for CFRP
material in FE modelling. Poisson’s ratio was taken as 0.33.Cohesive COH3D8 element was considered for
the adhesive material. The debonding between steel surface and epoxy resin is explained by traction-
separation law.
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4 FE MODEL VERIFICATION

The experimental results were simulated by the FE model. The ultimate capacity, deflection, web-buckling
and the failure modes were calibrated by FE analysis. In Figure 8, the failure modes obtained from test results
and FE analysis of square and rectangular specimens are illustrated. The full range curves of tested results at
different loading configurations are verified by FE analysis and very good agreement has been found is shown
in Figure 9-12. In particular, the prediction of ultimate capacity with respect to slenderness ratio for ETF and
ITF loading configuration is shown in Figure 13. Excellent agreement has been attained between the FE
simulations results (Pyc) and the measured test values (P,¢) for both ferritic duplex steel sections.

(a) Experimental (b) FEA (c) Experimental (d) FEA
Figure 8. Failure modes and debonding of specimen in test and FE analysis.
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Figure 9. Load-web deformation comparison under ETF loading. Figure 10. Load-web deformation comparison under ITF loading.
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Figure 11. Load-web deformation comparison under EOF Figure 12. Load-web deformation comparison under 10F loading.
loading.

The overall mean (um) and coefficient of variance (COV) of predicted results is 1.03 and 0.041 for ferric
stainless-steel sections and 1.02 and 0.034 for duplex stainless-steel sections.
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Figure 13. Predicted strength by FEM under a) ETF loading condition for ferritic and b) ITF loading for duplex section.

5 PARAMETRIC STUDY

Extensive parametric study has been done to figure out the effect physical parameters. Different controlling
key parameters such as cross-section of tube, thickness of steel tube, and web slenderness ratio (h/t) were
taken for the study. FE analysis has been performed for 104 specimens. 48 specimens for ferritic steel sections
and 56 duplex steel specimens were considered. Two different types of sections including square and
rectangular sections were selected for both ferritic and lean duplex sections. The prediction of the ultimate
capacity for ETF and ITF loading condition from the parametric study with respect to slenderness ration is
shown in Figure 14. From the results it is showed that the overall mean (um) and coefficient of variance is
1.05 and 0.155 respectively. It shows good agreement with the FE or test results. From the parametric study it
can be concluded that the slenderness ration rises to 66.6 and 71.0 for lean duplex steel and ferritic section for
CFRP strengthening. This ratio demonstrated the most favourable condition for CFRP strengthening. The
strength of CFRP strengthening section increases until a certain limit for slenderness ratio.

6 RELIABILITY INDEX PARAMETER

The accuracy of the proposed design formula is rectified by reliability index parameter. Reliability index is
denoted by £. The web crippling design was proposed, and the formula is rectified by the safety factors in this
study. The lower limit of the reliability index is 3.0 according to existing design code ASCE for stainless
steel. In this study, the design equation was accepted for the reliability index of greater than 2.5. The
combination of total load was measured by the ASCE code for reliability analysis. The load combination is
done by dead load (DL) and live load (LL) and the load combination is 1.2DL+1.6LL. In total 170 results
including 66 test results and 104 simulation results were taken for the reliability analysis. Statistical
parameters range as Mp, = 1.10, F, = 1.00, Vv = 0.10, and Vg = 0.05 were used according to NAS
specification. Mm, Fm, Vy and V¢ denoted as mean values and coefficients of variation for material
properties and fabrication variables. The mean and coefficient variance of the predicted design strength found
as 1.05, 0.155 and 1.03, 0.123 respectively for ferric and duplex stainless-steel section.

7 PROPOSED DESIGN EQUATION (Pp)

Professional engineers are always eager to find the accurate practical design guidelines for CFRP
strengthened steel sections. Available existing design codes are not always show the better performance for
predicting the design strength for CFRP strengthened steel sections. Unique design formula has been
developed for CFRP strengthened steel sections under for specified loading conditions.

Considering the influence of the all controlling parameters of steel, CFRP and adhesive materials, design
Eq. (4) has been proposed. From the parametric analysis, new co-efficient of C, Cy, Ch and Cyqy.crrp Shown in
Table 1 for both types of seel sections. The new design formula developed based on parametric analysis is
shown in Eq. 4.
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Figure 14.Predicted design strength a) under ETF loading condition for ferritic and b) under ITF loading condition for duplex steel
section.

Conditions for different parameters for both types of steel station. For ferritic stainless steel sections the
limitations of these parameters are as: 4.8 < h/t <107, N/t < 31, N/h< 2.6and @ =90° and 7.1 < h/t <
113.6., N/t < 32.8, N/h< 2.4 and 6 =90° for the duplex stainless-steel sections.

, . N /
Pp N CtzBSlnH (1 - CRﬁ) (1 + CNJ;) <1 - Cﬁﬁ) + [O-u—ad'Abonding ]Cad—FRP (4)

where, t is the web thickness; C is the coefficient; fy is the yield stress of steel section; N is the bearing length;
h is the web depth; Cris the corner radius coefficient (inside); Cy is the bearing length coefficient; Cy is the

web slenderness coefficient; o

u-ad

and Caq.erp IS the coefficient of adhesive-FRP.

is the ultimate tensile stress of adhesives, Anonging IS the FRP bonded area

Table 1. Co-efficient for designed equation under different loading configurations for both types of steel section.

Load cases Ch Cn C Cr C.d-rrp LRFD @, Section type
(Un-fastend)

E.T.F 0.020 0.490 3.300 0.320 0.025 0.850 Ferritic stainless
I.T.F 0.001 0.480 5.400 0.260 0.040 0.850 steel

E.O.F 0.020 0.450 3.600 0.120 0.040 0.850

I.O.F 0.010 0.170 10.000 0.230 0.025 0.850

ET.F 0.040 0.500 3.500 0.320 0.020 0.800 Lean duplex
I.T.F 0.010 0.510 5.500 0.260 0.030 0.850 stainless steel
E.O.F 0.020 0.490 4.700 0.400 0.035 0.850

I.O.F 0.020 0.510 7.200 0.400 0.025 0.850

Nee IS the measured ultimate strength of 66 test result and 104 FE results. Ny is the ultimate strength
calculated from the proposed design equation (Eq. 4).The predicted ultimate strength was measured for
loading conditions ETF and ITF. The overall mean (um) and coefficient of variance (COV) of the ultimate
strength for ferric steel under ETF loading condition is 1.05 and 0.155 respectively. The reliability index (5)
and resistance factors (g,) found as 2.52 and 0.85 respectively for ETF loading condition. The prediction
accuracy for duplex stainless-steel section is comparatively better than that of ferric stainless-steel section.
The values of unand COV are 1.03 and 0.123 respectively. The reliability index (f) and resistance factor for
duplex steel section are same as ferric stainless-steel section.

The web crippling design strength for CFRP-strengthened sections were predicted by the proposed design
formula and it is showed that the proposed formula is safe and reliable(see Figure 14). The reliability index is
higher than the specified values. Consequently, the proposed formula is more reliable and gives consistent
results for adhesive-CFRP-strengthened sections for all loading configurations.

8 CONCLUSIONS

Numerical study has been conducted for developing a unique design formula for CFRP strengthened sections
for strength of web crippling. The geometrical and material non-linearity has been considered to develop the
numerical model. The test results of 66 specimens were taken including the failure modes, web deformation
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under four different loading conditions. Test results were simulated by developed finite element model. The
traction-separation law implemented for analysing debonding between the strengthening materials and steel
sections. From the simulated results it is concluded that the web crippling behaviour of the CFRP
strengthened sections (SHS and RHS) were predicted properly. Therefore, extensive parametric study has
been performed to verify the finite element model for different cross-section and slenderness ratio. Different
slenderness ratio was considered that is ranges between 4.7 to 113.6.In case of bridge design, existing design
codes for web crippling for CFRP-strengthened stainless steel tubular sections is very conservative. To
calculate the ultimate strength accurately under the ETF, ITF, EOF and the ITF loading conditions, a unique
design equation was proposed in this paper. Finally, the design guideline is verified with the experimental
results and finite element results. Allowable safety margin has been achieved from reliability analysis for web
crippling strengths. For both ferric and duplex sections, the proposed guideline for design shows the reliable
web crippling strength.
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