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Numerical study on impact resistance of NC-UHPC composite beam
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ABSTRACT Ultrahigh-performance concrete (UHPC) has become the most promising high-performance material, and has achieved
excellent application in the field of impact and explosion protection engineering. Normal reinforced concrete (NC) beams subjected to
impact load are prone to local punching shear failure. However, although the impact performance can be improved using UHPC beams,
their application is limited by high costs. To achieve impact resistance at a lower cost, this work proposes a design scheme for locally
replacing and wrapping NC beams with UHPC, with the aim of improving the impact resistance of NC beams. In this study, differing
research conditions were employed (NC, UHPC, and NC-UHPC composite beams), and the impact resistance of specimens was
compared and analyzed. Numerical models of NC and UHPC beams under impact loads were first established to verify the reliability of
the modeling method, which is contact method, load application, initial velocity, boundary conditions, etc. The NC, UHPC, and
NC-UHPC composite beam models were then established, and the impact performances of different NC-UHPC beam combinations
were analyzed. The results revealed that compared with NC beams, the UHPC local replacement scheme effectively avoided local
punching shear failure of beams. Under impact load, bending and shear cracks occurred on both sides, and the damage degree on both

sides decreased with the increase of the local replacement length. For the UHPC wrapping, the failure mode of the beam changed from
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punching shear failure to bending failure. With an increase in UHPC thickness, the damage degree of the beam span increased, and it

gradually reached that of the pure UHPC beam. Furthermore, both schemes effectively reduced peak displacement and residual

displacement in the mid-span. Compared with the UHPC wrapping scheme, the peak displacement and residual displacement in the mid-

span of the UHPC local replacement beam were reduced, and the mid-span bearing capacity was improved. Thus, we recommend that a

local replacement length of more than twice the beam height should be selected to avoid the occurrence of local punching shear failure.

KEY WORDS ultrahigh-performance concrete; normal reinforced concrete; composite beam; impact load; punching shear; bending
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Fig.2 Failure modes of Beam?2 in the test and simulation
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Table 1 Parameters of UHPC materials

Mid Ro/i (mg'mm’3) Nplot Incre Irate Erode Recover Iretrac
159 2.6x10° 1 0.000 1 1.4 11 0
G/MPa k/MPa a/MPa 6 A/MPa B/MPa! NH CH
2.025%10* 2.7x10* 90 0.2257 75.67 4.88ex107 0.98 150
a 0,/MPa™! e Bi/MPa™! a, 0,/MPa™ N Br/MPa™
1 0 0.4226 1.38x10° 1 0 0.5 1.08x10°

Notes: Ro means mass density; Nplot means maximum of brittle and ductile damage; Incre means maximum strain increment for sub incrementation; Irate
means rate effects model turned on; Erode means elements erode; Recover means that recovery is based upon the sign of both the pressure and volumetric
strain; Iretrac means cap does not retract; G means shear modulus; £ means Bulk modulus; a means tri-axial compression surface constant term; € means
torsion surface linear term; 1 means tri-axial compression surface nonlinear term; f means tri-axial compression surface exponent; NH means hardening
initiation; CH means hardening rate; a; means Torsion surface constant term; #; means torsion surface linear term; 1; means torsion surface nonlinear
term; ; means torsion surface exponent; o, means tri-axial extension surface constant term; 6, means tri-axial extension surface linear term; 4, means tri-
axial extension surface nonlinear term; f, means Tri-axial extension surface exponent.
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Fig.6 Impact force and mid-span displacement of UHPC beams: (a) impact force; (b) displacement
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Table 2  Specific design conditions

Case Impact mass/kg Impact velocity/(m-s™) Concrete materials Combination method

NC-2-203 203.5 2 NC —

NC-4-203 203.5 4 NC —

NC-6-203 203.5 6.26 NC —

UC-2-203 203.5 2 UHPC —

UC-4-203 203.5 4 UHPC —

UC-6-203 203.5 6.26 UHPC —
UL-300-NC-6-203 203.5 6.26 NC-UHPC UHPC local reinforcement
UL-500-NC-6-203 203.5 6.26 NC-UHPC UHPC local reinforcement
UL-700-NC-6-203 203.5 6.26 NC-UHPC UHPC local reinforcement
UW-10-NC-6-203 203.5 6.26 NC-UHPC UHPC external enclosing
UW-20-NC-6-203 203.5 6.26 NC-UHPC UHPC external enclosing
UW-30-NC-6-203 203.5 6.26 NC-UHPC UHPC external enclosing

Notes: NC-2-203 represents the concrete beams use the hammer with a mass of 203 kg and an impact velocity of 2 m-s™'.
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Fig.8 Failure modes of beams under impact loads: (a) NC and UHPC beams; (b) NC-UHPC composite beam
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Table 3 Impact load test results
. . . . . . . Energy
Case Maximum impact Impulse/ Maximum Residual Maximum bending Maximum shear consumption/
force/kN (kN-s) displacement/mm  displacement/mm moment/(kN-m) force/kN a 03%)
NC-2-203 463 0.57 8.2 6.3 21.7 149 0.355
NC-4-203 872 1.12 26.0 20.1 35.1 248 1.42
NC-6-203 1271 1.61 44.8 38.2 43.1 344 3.60
UC-2-203 588 0.61 42 3.7 44.1 211 3.59
UC-4-203 1153 1.07 13.4 10.7 77.5 390 1.43
UC-6-203 1719 1.60 40.0 35.1 93.5 563 3.61
UL-300-NC- 1717 1.56 37.4 29.7 94.4 574 3.49
6-203
UL-500-NC-
6.203 1758 1.55 347 27.8 98.2 580 3.46
UL-700-NC- 1766 1.53 33.0 26.5 99.0 563 3.60
6-203
UW-10-NC-
6-203 1577 1.52 39.6 32.8 61.6 482 3.53
UW-20-NC-
6-203 1625 1.53 37.6 322 72.9 500 3.55
UW-30-NC- 1660 1.52 35.8 30.6 82.2 518 3.60

6-203
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