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Abstract 

Impact loading damage of reinforced concrete (RC) members deteriorates bond strength of reinforcing bars. To 
understand the effect of strain rate on the bond strength of reinforcing bars in RC beams under impact load, drop 
hammer test was performed on twenty‑four simply supported RC beams with lap spliced bars at the mid‑span. The 
test parameters were reinforcing bar diameter, splice length, drop height, and hammer mass. The dynamic responses 
including the impact load history, mid‑span deflection history, crack distribution, and strain history of reinforcing bar 
were evaluated. Although the designed bar development length was 31–69% of the requirement of current design 
codes under static load, the tensile strength of bar splices was greater than the dynamic yield strength when sub‑
jected to large impact energy under impact load. On the basis of the test results, existing design equations for the bar 
development length under static load were modified to consider the impact loading effect on the bond strength. 
Factors related to the strain rate effect of materials, impact damage, and impact energy loss were proposed. The pre‑
diction of the proposed method agreed well with the tensile strength of bar splices under impact load.

Keywords: drop hammer test, RC beam, impact load, strain rate effect, lap splice test, development length, bond 
strength
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1 Introduction
In reinforced concrete (RC) structures, impact dam-
age is a critical issue: piers of bridge collided by ships or 
other vehicles, retaining walls damaged by heavy rocks, 
and high-rise buildings attacked by aircraft. Particularly, 
impact damage on the development length of reinforcing 
bars may deteriorate the structural integrity significantly. 
However, current design codes specify the bar develop-
ment length based on test results under static load. To 
consider the strain rate effect due to impact load on the 
bar development length, available studies and test results 
are extremely limited.

The impact resistance of RC structures depends on 
the material properties of concrete and reinforcing bars 

under high-strain rate. Impact loads with short duration 
increase the material properties of concrete and reinforc-
ing bars in different ratio, which change ductile behav-
ior into brittle behavior in RC structures (Yang and Lok 
2007). Bischoff and Perry (1991) reported the increase 
of 85–100% in compressive strength of concrete under 
impact load. According to Malvar and Ross (1998), high-
strain rate increases the tensile strength of concrete more 
than the compressive strength of concrete. Soroushian 
and Choi (1987) reported that dynamic load increased 
both the yield and ultimate strength of reinforcing bars.

The load transfer from reinforcing bars to adjacent 
concrete becomes essential for the structural integrity 
and ductile response. Thus, understanding the bond 
between concrete and reinforcement in RC structures 
under impact load is of great importance. The exist-
ing studies reported that the bond strength increases 
as strain rates increase (Shah and Hansen 1963, Rezan-
soff et  al. 1975). Hansen and Liepins (1962) performed 
pull-out tests of reinforcing bars under impact load, and 
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initially found the increase of bond strength under high-
strain rate. Paschen et al. (1974) confirmed that the incre-
ment of bond strength can be attributed to the increase 
of concrete strength because the main mechanism of 
the bond is based on the concrete surrounding the ribs 
of the steel (or reinforcement). However, the strain rate 
dependency of concrete in tension and compression are 
observed to be different. Solomos and Berra (2010) per-
formed dynamic Hopkinson bar tests, and the test results 
showed that the peak pullout force and bond stress-slip 
curve under high strain rates were above those of static 
load. Toikka et  al. (2015) performed shock tube testing 
to investigate the strain rate effect on the bar develop-
ment length under three simulated blast loads: static, 
0.1 s−1, and 0.2 s−1. The test results showed that the bar 
bond stress was increased as the strain rate increased, 
and the required bar development length under high-
strain rate was smaller than or equal to that under static 
load. Hwang et al. (2019a) conducted drop hammer test 
on RC beams having longitudinal bars partially bonded 
at the beam ends to investigate the effects of bar diam-
eter, development length, drop height, and hammer mass 
on the bond strength. The test result also confirmed the 
increase of bond strength under high-strain rate, and 
a dynamic increase factor was proposed based on the 
strain rate effect of tensile strength of concrete to evalu-
ate the bar development length in existing design meth-
ods. Jacques and Saatcioglu (2019a, 2020) performed 
beam-end tests and lap splice tests under high strain 
rates of 0.1–1.0 s−1, and reported that the bond strength 
increased by 28–47%. However, the shape of the bond 
stress-slip curve was not significantly affected by high 
strain rates. Panteki et al. (2017) performed finite element 
analysis to investigate the dynamic bond behavior of pull-
out test specimens under drop hammer load. Jacques and 
Saatcioglu (2019b) proposed an analytical model to con-
sider the effect of high strain rates on the bar-slip in ten-
sion lap splices. Despite the advanced investigation for 
the required bar development length, the existing studies 
were mostly limited on simply pull-out test or modified 
beam-end test. To investigate the effect of impact load 
on the bond strength in actual situation, widely used lap 
splice test needs to be performed under impact load.

In the present study, drop hammer test was performed 
on twenty-four RC beams with lap sliced bars. The bar 
development length was designed to be shorter than the 
requirement of current design codes under static load. 
The test parameters were drop heights, hammer mass, 
bar diameter, and splice length. The structural perfor-
mances including the impact force, deflection, failure 
mode, and strain of reinforcing bar were evaluated. The 
test result was compared with the energy-based non-
linear analysis result addressing the dynamic effect of 

materials. Further, a modification method was proposed 
to estimate the bar development length under impact 
load, addressing the strain rate effect of materials, impact 
damage, and impact energy loss.

2  Test Program
2.1  Test Specimens
Figure 1 and Table 1 show the test parameters of twenty-
four RC beam specimens in detail. The cross-sectional 
area of the beam was 250 mm × 300 mm, the length was 
2400 mm, and the span was 2000 mm. The test param-
eters were the diameter of longitudinal bars (i.e., D18 
bar or D25 bar), splice length (i.e., 300 mm or 400 mm), 
hammer mass (i.e., 272.3 kg, 597.3, or 857.3 kg), and drop 
height (i.e., 1.58 m to 12.60 m). The RC beam specimens 
were divided into four groups according to combina-
tion of the bar diameter and splice length. In the speci-
men name, the first letter S indicates bar splices, the first 
numbers 18 and 25 indicate bar diameter, and the second 
numbers 300 and 400 indicate splice length of reinforcing 
bars. The last letter L, if present, indicates additional two 
groups under different drop mass and height. Each group 
consisted of four identically designed RC beams under 
four different impact loading conditions. In specimen 
groups S-18-300-L and S-18-400-L, a mass of 272.3  kg 
was dropped at heights of 3.15, 6.30, and 12.60 m, and a 
597.3 kg mass was dropped at a height of 5.47 m (i.e., the 
same impact energy of the mass of 272.3 kg dropped at 
a height of 12.60  m). In specimen groups S-18-300 and 
S-25-300, a mass of 532.3 kg was dropped at heights of 
1.58, 3.15, and 4.73 m, and an 857.3 kg mass was dropped 
at a height of 1.96 m (i.e., the same impact energy of the 
mass of 532.3 kg dropped at a height of 3.15 m). In speci-
men groups S-18-400 and S-25-400, a mass of 532.3  kg 
was dropped at heights of 1.58, 3.15, and 6.30 m, and an 
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Fig. 1 Details of test specimens (mm, 1 mm = 0.0394 in).
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857.3 kg mass was dropped at a height of 1.96 m (i.e., the 
same impact energy of the mass of 532.3 kg dropped at a 
height of 3.15 m).

In specimens, four D18 bars (diameter = 18  mm, 
cross-sectional area = 254.5  mm2, and rib height and 
width = 1.6  mm and 1.0  mm at a spacing of 10.0  mm) 
or four D25 bars (diameter = 25 mm and cross-sectional 
area = 490.9  mm2, and rib height and width = 2.1  mm 
and 1.5 mm at a spacing of 12.5 mm) were used for lap 
spliced bottom longitudinal bars (i.e., reinforcing bar 
ratio = 1.58% for D18 bars or 3.09% for D18 bars). D8 bars 
(diameter = 8  mm and cross-sectional area = 50.3  mm2) 
were used for transverse bars at a spacing of 100 mm to 
prevent shear failure (i.e., static shear-flexural capacity 
ratio Ps/PM was greater than 1.0 according to the calcula-
tion of ACI 318-19 (2019). The splice lengths of 300 mm 
and 400 mm were 31 to 69% shorter than static require-
ments specified in ACI 318–19 (2019) (i.e. 578  mm for 
D18 bar and 955 mm for D25 bar, respectively). Concrete 
cover from the beam side (cso) and bottom face (cb) to 
the most external bar surface were 25 mm, and the clear 
space (2csi) between spliced bars were 112  mm for D18 
bar and 84 mm for D25 bar, respectively.

2.2  Materials
The mix proportion of ready-mixed concrete used to cast 
the RC beams in weight was 1.0: 0.6: 1.6: 2.8 for cement: 
water: fine aggregate: coarse aggregate. The aggregates 
used had a maximum size of 20  mm. Standard con-
crete cubes, 100  mm × 100  mm × 100  mm, were cast 
and tested to estimate the average concrete compressive 
strength according to ASTM (2018). According to Euroc-
ode 2 (2004), concrete cylinder strength can be estimated 

as 0.8 times concrete cube strength. At the day of impact 
loading test, concrete cylinder strength fc′ was from 30.01 
to 37.96 MPa (refer to Table 1). In this study, the cylinder 
strength was used in the prediction of bar development 
length and numerical analysis. The yield strength fy and 
tensile strength fu of reinforcing bars were 497 MPa and 
651 MPa for D18 bar, 469 MPa and 609 MPa for D25 bar, 
and 693 MPa and 883 MPa for D8 bar, respectively.

2.3  Test Setup and Instrumentation
Figure 2 shows the drop hammer test setup for RC beam 
specimens under impact load. To prevent uplifting of 

Table 1 Summary of test program.

PS, shear resistance; PM, flexural resistance; 1 kN = 0.2248 kips; 1 mm = 0.0394.

Specimen 
groups

Dimensions 
(mm × mm)

Longitudinal 
bars

Transverse bars Splice length 
(mm)

Concrete 
strength (MPa)

Hammer 
mass (kg)

Drop height (m) Ps/PM

S‑18‑300‑L 250 × 300 D18 D8@100 300 37.72 272.3 3.15/6.30/12.60 2.38

597.3 5.74

S‑18‑400‑L 400 37.96 272.3 3.15/6.30/12.60 2.38

597.3 5.74

S‑18‑300 300 31.16 532.3 1.58/3.15/4.73 2.34

857.3 1.96

S‑18‑400 400 30.01 532.3 1.58/3.15/6.30 2.34

857.3 1.96

S‑25‑300 D25 300 34.62 532.3 1.58/3.15/4.73 1.38

857.3 1.96

S‑25‑400 400 32.77 532.3 1.58/3.15/6.30 1.38

857.3 1.96

200200
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Load cell

Steel jig
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LVDT

500 500500 500
2400
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Fig. 2 Test setup (mm, 1 mm = 0.0394 in).
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specimens from pin supports, specimens were fixed in 
the vertical and horizontal directions at the pin supports. 
To apply four-point loading to specimens for lap splice 
test, a steel jig with a mass of 580.7 kg was installed on 
the top of the specimens. At each test, one impact load 
was applied to the steel jig on each specimen. The striking 
head of the drop hammer had a flat shape with a radius 
of 100  mm. Impact force was measured by a load cell 
attached to the head of the drop hammer. Reaction force 
was not measured due to the limited test setup. Using 
linear variable differential transformers (LVDTs), mid-
span deflection was measured at the steel plates extruded 
from the beam side addressing concrete damage at the 
beam bottom. Strains of reinforcing bars were measured 
by uniaxial strain gauge at the end of lap splice length. A 
digital signal acquisition system with a sampling rate of 
500 kHz was used to measure test data.

3  Test Results
3.1  Impact Force
Figure  3 shows the impact force–time relationships of 
test specimens. Table  2 lists the peak impact force (Pp). 
The impact force variation showed an initial pulse-like 
wave with high amplitude having extremely short dura-
tion and a wave with low amplitude having relatively 
longer duration (Hughes and Beeby 1982; Kishi et  al. 
2001; Ishikawa et  al. 2002). Under the same hammer 
mass, as the drop height increased, the peak impact force 
increased. In the case of the same impact energy, heav-
ier hammer mass (i.e., lower drop height) decreased the 
impact force (Fig. 3a, c or Fig. 3b, d). When the bar splice 
length increased, the peak impact force was not sig-
nificantly increased (Fig. 3a, b or c, d). Further, the peak 
impact force was not affected by bar diameter (i.e., bar 
reinforcement ratio) (Fig.  3c, e or d, f ). In other words, 
when the same hammer mass and drop height were used, 
the peak impact force discrepancy between the speci-
mens having different bar splice length was insignificant, 
showing the average difference of 2.5%. It is noted that all 
test data of specimen S-25-300 under 1.96 m drop height 
was not measured due to the malfunction of trigger 
device for releasing the hammer.

3.2  Mid‑span Deflection
Figure  4 shows the mid-span deflection-time relation-
ships of test specimens. Table  2 lists the peak (δtest) 
and residual (δr) mid-span deflections. The peak mid-
span deflection increased as the drop height increased. 
However, unlike the impact force, the heavier ham-
mer mass (i.e., lower drop height) at the same impact 
energy increased the mid-span deflection (Fig.  4a, c 
or b, d). When the bar splice length increased, the 
mid-span deflection decreased (Fig.  4a, b or c, d). The 

larger reinforcement ratio (i.e., the larger bar diameter) 
improved the impact resistance, which decreased the 
mid-span deflection (Fig.  4c, e). However, at the drop 
heights of 1.96 and 6.30 m, the peak deflection of speci-
men S-25-400 was larger than that of S-18-400 due to sig-
nificant local damage (Fig. 4d, f ). The residual deflection 
of all specimens was larger than zero, showing inelastic 
behavior, which showed the same tendency with the peak 
deflection in accordance with the test parameters.

3.3  Failure Modes
Figure 5 shows the failure modes of specimens at the end 
of the test. In specimen group S-18-300-L, flexural cracks 
were propagated from the beam bottom toward the top 
(Fig. 5a). Cover concrete spalling occurred along the bar 
splice length at the drop height of 3.15  m. As the drop 
height increased, the length of cover concrete spalling 
zone and the width of vertical cracks increased, and diag-
onal cracks were concentrated to the loading points. In 
the beam specimen under 12.60 m drop height, vertical 
cracks were developed in the entire cross-section of the 
beam. In the case of the same impact energy, the heavier 
hammer mass increased the impact damage (Fig.  5a, c 
or b, d). This is because impact load due to heavier mass 
decreases impact energy loss, which increases impact 
damage of specimens (See 4.1). The longer bar splice 
length reduced the impact damage and cover concrete 
spalling due to the improved bond resistance (Fig. 5a, b).

In contrast, the larger bar diameter decreased the bond 
resistance, which increased the cover concrete spalling 
length and vertical crack width (Fig.  5c, e or d, f ). Par-
ticularly, specimen S-25-400 under 6.30  m drop height 
showed the largest impact damage, and ultimately col-
lapse occurred due to large bond failure. Except speci-
men S-18-400-L under 3.15 m drop height, failure mode 
was governed by cover concrete spalling in lap splice 
length, which directly decreased the bar bond strength.

As shown in Fig. 6, the bar bond stress is developed by 
the confinement of cover concrete and transverse bars. 
When impact load is applied to bar splice region, the 
impact force is transferred to the beam bottom, which 
causes cover concrete spalling along the bar splice length. 
Ultimately, the bar bond strength decreases, and the 
load-carrying capacity is significantly decreased by bond 
failure.

3.4  Reinforcing Bar Strain
Figure 7 shows strain variation of reinforcing bars at the 
end of lap splice length. Table 2 lists the peak strain (εu) 
and residual strain at 0.2  s (εr). In specimen group of 
S-18-300-L, as the drop height increased, the peak and 
residual strains of reinforcing bars increased (Fig.  7a). 
Further, the peak strain was greater than the yield 
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strain (= 0.00249) and dynamic yield strain (= 0.00282–
0.00285  mm/mm in the drop heights). It is noted that 
the dynamic yield strain was calculated from the analy-
sis results (refer to the chapter of “Deformation Energy 
Ed”). This result indicates that longitudinal bars can be 
yielded under large impact load even though the bar 

splice length is shorter than the requirement under 
static load.

In specimen group S-18-300 with the lower drop height 
and heavier hammer mass, however, the peak strain 
was smaller than the dynamic yield strain (= 0.00283–
0.00284  mm/mm) due to early bond failure (Fig.  7c). 
This is because the reduced impact velocity decreases 
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the strain rate effect on the bar bond strength, while the 
heavier drop mass increases the impact damage.

When the bar splice length increased, the peak strain 
increased (S-18-300-L compared with S-18-400-L, S-18-
300 compared with S-18-400, or S-18-400 compared 
with S-18-400). On the other hand, the peak strain of 
D25 bar was comparable to that of D18 bar at the same 
bar splice length and impact energy (S-25-300 compared 
with S-18-300, or S-25-400 compared with S-18-400). 
In the case of the same impact energy, the heavier drop 
mass (i.e., lower drop height) increased the peak strain.

High strain rate effect due to impact force increases 
concrete strength and causes the stress concentration on 
the bar splice end during extremely short time. For this 
reason, the peak strain of the bar splices can be greater 
than the dynamic yield strain.

4  Evaluation of Structural Performance Under 
Impact Load

High strain rate increases the material properties of 
concrete and reinforcing bars, which increases the load-
carrying capacity of RC beams subjected to impact load 
(Wakabayashi et  al. 1980; Kulkarni and Shan 1998; Li 
et al. 2000; Li et al. 2011). As shown in Figs. 3, 4, 5, 6 7, 
although early bond failure was estimated by the obser-
vation in the test, longitudinal bars yielded. To assure 
the bond failure mode in the specimens, the peak deflec-
tion of RC beams was evaluated by modifying the Hwang 
et al. (2019) method.

4.1  Energy Conservation Model
In the Hwang et al. (2019b) method, an energy conserva-
tion law between the impact energy and resistant energy 
was used, which assumed: (1) perfect bond between rein-
forcing bars and concrete; (2) before collision, the drop 
hammer with an initial velocity Vi has the kinetic energy 
Ek ; (3) during collision, the kinetic energy Ek is converted 
into the impact damage and deflection δ of the RC beam; 

Table 2 Summary of test result.

Impact energy was calculated from potential energy of mgh (i.e. m drop weight; g gravity acceleration 9.81 m/s2; and h = drop height). Strain rate was calculated from 
the energy based method and section analysis.

Specimens Drop height (m) Drop weight (kg) Impact 
energy 
(kJ)

Pp (kN) δp (mm) δr (mm) εu  (10−6 
mm/mm)

εr (mm/mm) Strain rate (1/s)

S‑18‑300‑L 3.15 272.3 8.41 3518 23.1 18.3 1280 450 2.91

6.30 272.3 16.83 4953 86.6 75.6 2140 1680 4.14

12.60 272.3 33.66 8002 165.6 151.7 3070 1760 5.30

5.74 597.3 33.65 6771 194.6 176.1 3100 1950 5.93

S‑18‑400‑L 3.15 272.3 8.41 3622 12.8 5.8 1600 380 2.91

6.30 272.3 16.83 5380 60.5 50.6 2150 540 4.15

12.60 272.3 33.66 8566 150.9 138.0 3140 1370 5.31

5.74 597.3 33.65 7108 167.0 159.0 3360 1580 5.93

S‑18‑300 1.58 532.3 8.22 2540 55.8 52.4 1610 320 3.19

3.15 532.3 16.45 4588 101.7 88.7 2160 1370 4.11

4.73 532.3 24.67 5716 159.6 144.9 2570 840 4.97

1.96 857.3 16.45 3590 137.7 135.2 2430 1380 4.16

S‑18‑400 1.58 532.3 8.22 3123 38.9 34.7 2030 340 3.16

3.15 532.3 16.45 4589 83.2 77.8 2210 680 4.09

6.30 532.3 32.90 6768 183.2 167.0 3430 1130 5.61

1.96 857.3 16.45 3541 104.0 100.0 2540 1050 4.14

S‑25‑300 1.58 532.3 8.22 3140 32.4 30.2 1690 240 2.80

3.15 532.3 16.45 4500 95.2 89.8 2170 1360 3.53

4.73 532.3 24.67 5484 134.8 118.1 3320 780 4.26

1.96 857.3 16.45 – – – – – –

S‑25‑400 1.58 532.3 8.22 2685 23.5 15.1 2070 320 2.75

3.15 532.3 16.45 4500 75.0 72.3 2290 8970 3.49

6.30 532.3 32.90 6768 193.8 185.2 3470 1520 4.70

1.96 857.3 16.45 4410 122.8 118.4 2580 320 3.52
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(4) after collision, the RC beam with steel jig and dropped 
mass move together with the same velocity Vc based on a 
perfectly plastic collision (Suzuki et al. 1996); and (5) the 
potential energy Ep due to the deflection δ after collision 
causes additional damage and deflection. In the energy 

conservation equation, the impact energy Ek and poten-
tial energy Ep are dissipated by the deformation energy 
Ed of the RC beam, spalling energy Es of cover concrete, 
and energy loss El due to the energy transformed from 
the drop hammer to the RC beam (Hwang et al. 2019).
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532.3 kg at 3.15 m (Ek= 16.45 kJ)
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Fig. 4 Mid‑span deflection history.
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where the definition of each energy is listed in Table 3.

4.2  Deformation Energy  Ed
To estimate the deformation energy Ed, a load-deflection 
relationship of the RC beam should be defined. Fiber 

(1)Ek + Ep = Ed + Es + El

analysis method (Spacone and EI-Tawil 2004) was used 
considering the perfect bond between concrete and lon-
gitudinal bars, strain compatibility at the cross-section, 
confinement effect of transverse bars, and dynamic mate-
rial properties due to high strain rate. Figure 8 shows the 
curvature distribution of a simply supported RC beam sub-
jected to four-point loading. The curvature φ at the mid-
span can be calculated from the mid-span deflection δ (Ou 
and Nguyen 2014).

 where L = beam span; Ls = shear span; Lp = plastic hinge 
length; δy = yield deflection; and φy = yield curvature.

Figure  9 shows the linear strain distribution at the 
beam section in the mid-span. Using the curvature ϕ , 

(2a)φ =
24

3L2 − 4L2s
δ for 0 ≤ δ ≤ δy

(2b)φ = φy +
1

Lp(Ls − 0.5Lp)

(

δ − δy
)

for δ > δy

Fig. 5 Failure modes at the end of tests.

cso 2db 2csi

cb

Transverse bar

Spliced bars
Fig. 6 Reduced confinement of cover concrete under impact load.
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the strain εi at each fiber element can be determined as 
follows.

where yi = distance from the extreme compression fiber 
to the centroid of each fiber element; and y0 = distance 
from the extreme compression fiber to the neutral axis.

(3)εi = (y0 − yi)φ

Under impact load, the strain rate effect on the mate-
rial properties should be considered. In this study, the 
strain rate effects specified in CEB (1988) and fib 2010 
(2010) were considered for reinforcing bars and con-
crete, respectively (refer to Table 4). The strain rate at 
each fiber element can be defined as a linear function of 
curvature rate φ̇ (Fujikake et al. 2009).

Fig. 7 Reinforcing bar strain history.
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On the basis of Eq.  (2), the curvature rate ϕ̇ can be 
defined as a function of the mid-span deflection rate δ̇ 
(= velocity Vc at collision) (Hwang et  al. 2019; Fujikake 
et al. 2009).

Figure 10 shows the stress–strain relationship of rein-
forcing bars and concrete. Bilinear curve was used for 
reinforcing bars, and Kent and Park model (Kent and 
Park 1971; Scott et al. 1982) was used for concrete. The 
detailed constitutive models of reinforcing bar and con-
crete are defined in Table 4.

The deflection δ is estimated as follows: (1) the curva-
ture rate and strain rate are calculated from Eqs. (4) and 
(5), respectively; (2) on the basis of the dynamic stress–
strain relationships for reinforcing bars and concrete, 
nonlinear numerical analysis is performed (Table 4); (3) 
the deflection δ is determined (Eq. (2)); (4) each energy is 
calculated (Tables 3); and (5) the maximum deflection is 
determined satisfying Eq. (1).

4.3  Mid‑span Deflection of RC Beam Under Impact Load
Table 5 compares the prediction of Eq.  (1) to the meas-
ured peak deflection. In the present study, as the dropped 
mass collided on the RC beam indirectly, the spalling 
energy Es was neglected according to the failure mode in 
the specimens (Fig. 5). The prediction assuming the per-
fect bond between reinforcing bars and concrete δp was 
less than the test result δtest , showing the average value 
of δp/δtest = 0.38 and COV. = 0.47. This result implies that 
bond failure occurred in all specimens under impact load 
(except S-18-400-L under 3.15 m drop height). Thus, the 
contribution of bar bond-slip to the deflection needs to 
be considered. In specimen S-18-400-L under 3.15  m 
drop height, on the other hand, the prediction agreed 
well with the test result ( δp/δtest = 1.07), showing flexural 
failure without bond failure. This result coincided with 
the actual failure mode in the test.

5  Prediction for Bar Development Length
5.1  Existing Methods for Bar Development Length
Existing design methods for the bar development length 
under static load are listed in Table 6. The tensile stress 
fs of bar splices was calculated from the design develop-
ment length ld. Considering the condition of lap splice 
used in the test specimens, the development length ld was 

(4)ε̇i =
∣

∣(y0 − yc)
∣

∣φ̇

(5a)φ̇ =
24

3L2 − 4L2s
δ̇ for 0 ≤ δ ≤ δy

(5b)φ̇ =
1

Lp(Ls − 0.5Lp)
δ̇ for δ > δy

Table 3 Equations of each energy for energy conservation 
law.

mh, drop hammer mass; g, acceleration of gravity (= 9.81 m/s); hd, drop height; 
mbe and mbp, equivalent masses of the RC beam showing elastic and plastic 
deflections (= 0.52mb+ mj and 0.56mb+ mj) (Biggs 1964); mb, mass of the beam; 
mj, mass of the steel jig; δy = yield deflection; P, load due to beam moment; δsp, 
spalling deflection; εc, concrete compressive strain at extreme compression 
fiber; εcu, ultimate compressive strain of concrete; εcs, compression bar strain; εyd, 
dynamic yield strain of reinforcing bar; ftd, dynamic concrete tensile strength; 
b, beam width; cc, concrete cover; ks, size effect factor; Lp, plastic hinge length 
(= 0.5d + 0.05Ls) (Mattock 1967); d, effective beam depth; Ls, shear span.

Energy types Equations

Kinetic energy Ek Ek = 0.5mhV
2
i = mhghd

Potential energy Ep
Ep =

{ (

mbe +mh

)

gδ for δ < δy
(

mbe +mh

)

gδ +
(

mbp +mh

)

g
(

δ − δy
)

for δ < δy

Deformation 
energy Ed

Ed =
∫ δ

0
P(δ)dδ

Spalling energy Es
Es =

{

0 for εc < εcu
0.2ftdbccks

(

Lp + 2Cc
)

for εcs < εyd

ks = (300/h)0.25 ≤ 1

Energy loss El El = Ek −
1
2
(mbe +mh)V

2
c =

mbe
mbe+mh

Ek

Fig. 8 Curvature distribution of test specimen.

Fig. 9 Fiber analysis model.
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defined as ld = lsp/1.3 for ACI 318-19 (2019), ld = lsp/1.5 
for Eurocode 2 (2004), and ld = lsp for ACI 408-03 (2003) 
and Hwang et  al. (2017) method, where lsp = lap splice 
length. Further, safety factors were not considered in 
the calculation of fs for direct comparison with the test 
results.

Figure  11 compares the test results ftest with the bar 
stress predictions fs of the existing design codes including 

ACI 318-19 (2019), ACI 408-03 (2003), and Eurocode 2 
(2004), and Hwang et al. (2017) method without consid-
eration of the strain rate effect (i.e., static load). It is noted 
that the effect of bar diameter on the bond strength was 
neglected on the basis of the test result (e.g., S-18-300 
compared with S-25-300, or S-18-400 compared with 
S-25-400 in Table  2). Thus, the coefficient of bar diam-
eter ψs = 1.0 for ACI 318-19 (2019) and ACI 408-03 

Table 4 Constitutive models for reinforcing bar and concrete.

σs, reinforcing bar stress; fyd and fy, dynamic and static yield strength of reinforcing bar; εyd , dynamic yield strain of reinforcing bar; Es and Eh, elastic and strain 
hardening moduli (Eh= 0.01Es); σcc and σcu, stress of confined concrete and unconfined concrete in compression; f ′cd and f ′c , dynamic and static compressive strength 
of concrete; εcod and εco, dynamic and static peak strain (= εco(105 ε̇c/3)0.02 and 0.0006+ 0.005 ln(f ′c) , respectively) (fib 2010); fyt , yield strength of transverse bars; ρt , 
volumetric ratio of transverse bars ( = 2At(hix + hiy )/(hoxhoy s) ); At , sectional area of transverse bars; hix and hiy , center-to-center distances of transverse bars in x- and 
y- directions; hox and hoy , outer distances of transverse bars in x- and y-directions; and s, spacing of transverse bars; εcu , ultimate compressive strain corresponding to 
0.2f ′cd (Scott et al. 1982);σt, concrete stress in tension; Ec and Ecd , static and dynamic elastic modulus ( =21500 3

√

f ′c/10 and Ec(106 ε̇c)0.026 , respectively) (fib 2010); ftd and 
ft , dynamic and static tensile strength of concrete.

Materials Stress‑strain relationship Strain rate effect

Reinforcing bar
σs =

{

Esεs for|εs| ≤ εyd
fyd + Eh

(

εs − εyd < 1.25fyd
)

for|εs| > εyd

fyd = fy + 6 ln(105|ε̇|/5) ≤ fy + 6 ln(2× 105) (CEB)

Confined concrete 
under compression σcc =







kf ′cd

�

2εc
εcodK

+

��

εc
εcodK

+

��2
�

for εc ≥ −εcodK

kf ′cd [1+ Zm(εc + εcodK)] ≥ 0.2f ′cd for εc < −εcodK

K = 1+ ρt fyt/f
′

cd

Zm = 0.5

3+0.29f
′

cd

145f
′

cd
−1000

+ 3
4
ρt

√

h0
s −εcodK

f
′

cd =

{

f ′c
(

105|ε̇/3|
)0.014

for ε̇c < 30/s

0.012f ′
(

105|ε̇/3|
)01/3

for ε̇c ≥ 30/s
(fib2010)

Unconfined concrete 
under compression σcu = f

′

cd

[

2εc
εcod

+

(

εc
εcod

)2
]

for − εcu ≤ εc ≤ 0

Concrete under tension σt = Ecdεc , 0 < εc ≤ f
′

td/Ecd ftd =

{

f ′c
(

106|ε̇|
)0.018

for ε̇c < 10/s

0.0062ft
(

106|ε̇|
)1/3

for ε̇c ≥ 10/s
(fib2010)

ft =

{

0.3f
′2/3
c for f

′

c < 50MPa

2.12 ln[1+ 0.1(f
′

c + 8)] for f
′

c ≥ 50MPa
(fib 2010)

(b) Stress-strain rela�onship of 
concrete

Strain

Confined
concrete

Unconfined
concrete

StressStress

(a) Stress-strain rela�onship of 
reinforcement

Strain
Es

fyd
Eh

εyd

0.2 f'cd

f'cd
0.2Kf'cd

Kf'cd

εcod εcuKεcod

Fig. 10 Stress–strain relationships of reinforcing bar and concrete.
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(2003), η2 = 1.0 for Eurocode 2 (2004), and αd = 1.0 for 
the Hwang et al. (2017) method were used (Table 6). In 
the calculation, the bar stress prediction was less than 
the yield strength (i.e., fs ≤ fy ). In the case of non-yielded 
bars, the existing methods except for ACI 318-19 (2019) 
overestimated the bar stress of D18 bars, whereas those 
methods underestimated D25 bars despite the neglected 
bar diameter effect. In the case of yielded bars, the exist-
ing methods underestimated the bar stress in overall.

5.2  Effect of Impact Load
According to 3-point impact loading test results per-
formed by Hwang et al. (2019), bar bond strength under 
impact load was increased by the high strain rate effect 
on concrete tensile strength. In specimens under 4-point 
impact load, however, the bond strength would be 
decreased by cover concrete damage along the bar devel-
opment length. To evaluate the effect of impact load on 
the bar development length, followings were addition-
ally considered: the high strain rate effect on the concrete 
tensile strength and yield strength of reinforcing bars 

(i.e., dynamic yield strength); and concrete cover was 
neglected along the development length on the basis of 
failure mode in the test specimens (for simple calcula-
tion, the same concrete cover was considered regardless 
of impact load level). It is noted that the value of 0.1 mm 
(i.e., Cb = Cso = 0.1 mm ) was used to avoid a calcula-
tion error in ACI 408-03 (2003) and Eurocode 2 (2004) 
(Table 6).

Under dynamic load, strength increment can be 
estimated by a dynamic increase factor (DIF), which 
is defined as the ratio of dynamic strength to static 
strength of materials. In the calculations of ACI 318-
19 (2019), ACI 408-03 (2003), and Eurocode 2 (2004), 
the tensile strength fsd of bar splices under impact load 
was increased by the value of DIF for concrete tensile 
strength.

where ftd and ft = dynamic and static tensile strength of 
concrete specified in fib (2010) (Table  4).In the Hwang 

(6)fsd = DIF × fs =
ftd

ft
× fs ≤ fyd

Table 5 Comparison of peak deflection in test with predicted deflection.

Specimens Drop height (m) Drop weight (kg) δtest (mm) δp (mm) δp/δtest

S‑18‑300‑L 3.15 272.3 23.1 13.8 0.60

6.30 272.3 86.6 23.1 0.27

12.6 272.3 165.6 42.0 0.25

5.74 597.3 194.6 68.2 0.35

S‑18‑400‑L 3.15 272.3 12.8 13.7 1.07

6.30 272.3 60.5 23.1 0.38

12.60 272.3 150.9 42.0 0.28

5.74 597.3 167.0 68.1 0.41

S‑18‑300 1.58 532.3 55.8 19.3 0.35

3.15 532.3 101.7 34.6 0.34

4.73 532.3 159.6 49.7 0.31

1.96 857.3 137.7 44.3 0.32

S‑18‑400 1.58 532.3 38.9 19.4 0.50

3.15 532.3 83.2 34.8 0.42

6.30 532.3 183.2 64.3 0.35

1.96 857.3 104.0 44.5 0.43

S‑25‑300 1.58 532.3 32.4 13.0 0.40

3.15 532.3 95.2 22.0 0.23

4.73 532.3 134.8 31.2 0.23

1.96 857.3 – – –

S‑25‑400 1.58 532.3 23.5 13.1 0.56

3.15 532.3 75.0 22.2 0.30

6.30 532.3 193.8 40.7 0.21

1.96 857.3 122.8 28.0 0.23

Avg. 0.38

COV. 0.47
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et al. (2017) method, the value of DIF was applied to the 
peak bond stress τu.

(7)

τud = DIF × τu =

(

ftd

ft

)

× 0.91αd

√

f
′

c

[

(cw + Katr)/db

2.5

]

where αd = coefficient related to reinforcing bar diam-
eter; c and w = coefficients related to confinement cover 
concrete; and Katr = coefficient related to confinement of 
transverse bars (Table 6).

Figure  12 compares the test results with the bar stress 
predictions considering the strain rate effect on concrete 
tensile strength and neglecting concrete cover. Because 

Table 6 Bar development length under static load.

db is bar diameter; � is coefficient of concrete type (= 0.75 to 1.0); ψt is coefficient of fresh concrete below the development length (= 1.0 to 1.3); ψe is coefficient of 
epoxy-coated bars (= 1.0 to 1.5); ψs is coefficient of bar diameter (= 0.8 to 1.0); cb is thickness of the bottom cover concrete; cso is the thickness of side cover concrete; 
csi is one-half of the center-to-center bar spacing; Atr is total cross-sectional area of transverse bar within spacing st that cross the potential plane of splitting; n is the 
number of bars being developed or spliced along the splitting plane; and st is center-to-center distance of the transverse bars;ϕ is safety factor for structural design 
(= 0.82); K  is coefficient of arrangement of the transverse bar (= 0 to 0.1); 

∑

Atr is total cross-sectional area of transverse bars within the development length; and As is 
the maximum cross-sectional area of the bar; η2 is the coefficient of the diameter of the bar; αd is coefficient related to reinforcing bar diameter (= 1.1 for D19 bars or 
less, 1.0 for D22 to D29 bars, and 0.9 for D32 bars or greater).

Design methods Development length (mm) Splice length lsp

ACI 318‑19 ld =
fy db

1.1�
√

f
′
c

ψtψeψs

(cf+Ktr )/db
≥ 300 mm (cf + Ktr)/db ≤ 2.5

cf = min(cb , cso , csi)+ 0.5db
Ktr = 40Atr/(stn)

1.0–1.3ld

ACI 408R‑03
ld =

(fy/
4
√

f
′
c−φ57.4w)(ψtψeψs)db

φ1.83(cw+Katr )/db

(cw + Katr)/db ≤ 4.0

w = 0.1(cmax/cmin)+ 0.9 ≤ 1.25

Katr = 6
√

f
′

c tdAtr/(stn)

td = 0.03db + 0.22

c = cmin + db/2

cmax = max(cb , cs)

cmin = min(cb , cs)

cs = min(cso , csi + 6.4)

ld

Eurocode 2‑04 ld = α2α3
fy db
4fbd

≥
l0
1.5

α2 = 0.7 ≤ 1− 0.15(cd − db)/db ≤ 1.0

α3 = 0.7 ≤ 1− K
(
∑

Atr − As
)

/As ≤ 1.0

fbd = 2.25η2

[

0.75(0.3)(f
′

c )
2/3

]

α2α3 ≥ 0.7

cd = min(cb , cso , csi)

l0 = max(0.45dbfy/(4fbd), 15db , 200mm)

η2 = (132− db)/100 ≤ 1.0

1.0–1.5ld

Hwang et al. (2017) fs =
ld
db
[3τ1 + τ2] ≤ fy τ1 =

τu
1.4

[

1−(�f /s1)
1.4

1−(�f /s1)

]

≤ τu

�f
s1

= 1− 14.7l2

Esdb

τu√
f
′
c

+ 0.007
ld√
f
′
c

τu = 0.91αd
√

f
′

c

[

(cw+Katr )/db
2.5

]

τ2 =

[

16−6C1τ1
16+C1τu

]

τu ≥
τu
2

C1 = l2d/[1− (
√

0.003f
′

c )Esdb]

ld

Fig. 11 Comparison of tested bar stress with predictions using static material strength.
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the dynamic yield strength of a reinforcing bar cannot 
be directly measured from the test result, the numeri-
cal analysis was performed. The dynamic yield strength 
of the reinforcing bar was determined by multiplying the 
static yield strength by the increase ratio of 13.3–14.6%. 
The strain rate effect of materials increased the bond 
strength by 30.6–32.4%. Thus, the strain rate effect can 
decrease the bar development length to 13.9–16.8% (i.e., 
1.306/1.146–1.324/1.133) of static state. However, cover 
concrete loss decreases the bond strength by 4.8–60.0% 
(i.e., 35.1–47.7% in ACI 318-19 (2019), 58.3–60.0% in ACI 
408-03 (2003), 4.8% ~ 12.5% in Eurocode 2 (2004) and 
58.3–60.0% in Hwang et al. (2017) method), which requires 
the bar development length increased by 31.9–119.4% 
(i.e., 1.133/1.324/0.649–1.146/1.306/0.4 except Eurocode 
2 (2004)) of static bar development length. In compari-
son with the predictions under static load, the proposed 
method (Eq.  (7)) predicted the test results too conserva-
tively, showing the average value = 0.78 and 0.62, and 
COV. = 0.33 and 0.23 for non-yielded and yielded bars in 
the Hwang et al. (2017) method, respectively. Particularly, 
as the peak deflection increased (i.e., larger impact energy), 
the predictions were underestimated. The other proposed 
methods based on existing design codes showed the same 
tendency.

As shown in Fig. 12, the tensile strength of bar splices was 
underestimated under large impact energy even though the 
same cover concrete loss was considered in all specimens. 
Further, when the same impact load was applied to beam 
specimens, the heavier drop mass (i.e., the lower impact 
energy loss) increased the bar strain (refer to Table 2). To 
improve the prediction accuracy, modification factors were 
additionally proposed for ACI 318-19 (2019), ACI 408-03 
(2003), Eurocode 2 (2004), and the Hwang et  al. (2017) 
method as follows.

for ACI 318-19

for ACI 408-03

for Eurocode 2-04

(9a)fsdmg =
1

0.87Dmg − 0.15
× fsd ≤ fyd

(9b)fsdmg =
1

1.05Dmg + 0.04
× fsd ≤ fyd

(9c)fsdmg =
1

2.10Dmg − 0.7
× fsd ≤ fyd

Fig. 12 Comparison of tested bar stress with predictions using strain rate effect on concrete tensile strength (with cover concrete loss).

Fig. 13 Comparison of tested bar stress with predictions considering impact energy loss.
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for Hwang et al. method

where fsd = bar stress calculated from Eqs.  (6) and (7); 
fyd= dynamic yield strength; mbe = equivalent mass of the 
RC beam showing elastic deflection; and mh = drop ham-
mer mass.

Figure  13 compares the test results ftest with the bar 
stress predictions fsdmg considering the effects of strain 
rate, cover concrete loss, and impact energy loss on the 
bond strength. The modified ACI 408-03 (ACI (Ameri-
can Concrete Institute) 2003) showed the best prediction 
with the average values = 1.09 and 0.81, and COV. = 0.16 
and 0.12 for non-yielded and yielded bars, respectively. 
The prediction of the modified Hwang et  al. (2017) 
method was comparable to that of ACI 408-03 (ACI 
(American Concrete Institute) 2003), showing the aver-
age values = 1.06 and 0.81, and COV. = 0.20 and 0.20 for 
non-yielded and yielded bars, respectively. It is noted that 
unlike the non-yielded bars, the average value smaller 
than 1.0 for yielded bars indicates the accurate and safe 
design result because of bond failure after reinforcing bar 
yielding.

6  Summary and conclusions
In the present study, lap splice tests were performed 
under impact load to investigate the effect of strain rate 
on the bond strength between reinforcing bars and con-
crete. Twenty-four RC beam specimens using D18 and 
D25 bars with the bar splice lengths of 300  mm and 
400 mm were tested under seven different drop heights 
and three different hammer masses. A modification 
method was proposed to predict the tensile strength of 
bar splices under impact load, and it was compared with 
the test results. The primary results can be summarized 
as follows.

1) Bond failure occurred in test specimens under 
impact load, as the bar development length was 
smaller than the required development length under 
static load. Under low impact energy, the tensile 
strength of bar splices was greater than that of static 
load due to strain rate effect, but it was smaller than 
the dynamic yield strength. On the other hand, under 
large impact energy, the tensile strength of bar splices 
was greater than the dynamic yield strength, but 
bond failure occurred at once due to cover concrete 
damage.

(9d)fsdmg =
1

1.56Dmg − 0.25
× fsd ≤ fyd

(9e)Dmg =
El

Ek
=

mbe

mbe +mh

2) The peak impact force, maximum mid-span deflec-
tion, residual mid-span deflection, maximum strain 
of reinforcing bars, and residual strain of reinforc-
ing bars increased as the impact energy (i.e., impact 
velocity) increased. In the case of the same bar devel-
opment length, the larger bar diameter showed the 
larger impact resistance, but the bond strength was 
identical regardless of the bar diameter. In the case 
of the same bar diameter, the longer development 
length showed the larger tensile strength of bar 
splices. In the case of the same impact energy, the 
heavier drop mass (i.e., the lower drop height) caused 
less energy loss, which increased the impact damage 
and bar strain in beam specimens.

3) The bond strength was increased by the strain rate 
effect on concrete at extremely short collision dura-
tion, and then decreased by cover concrete dam-
age, which caused bond failure. The predicted bar 
stress based on the strain rate effect on concrete 
tensile strength was overestimated in the specimens 
without bar yielding, because in the existing design 
method for bar development length, earlier bond fail-
ure caused by cover concrete spalling along the bar 
development length was not considered.

4) The tensile strength of bar splices estimated from 
the existing design methods was conservative in the 
test specimens under large impact energy. When the 
dynamic concrete tensile strength and cover concrete 
loss were considered, the predicted bar stress under 
impact load showed the same tendency to that under 
static load. This is because the cover concrete loss 
sharply decreased the bond strength.

5) Modification factors for bar stress prediction in exist-
ing methods were proposed to address the effect of 
effective impact energy on the bond strength. The 
proposed method predicted well the test results.

According to the parameter ranges used in the pre-
sent study, the proposed method is limited to D18 and 
D25 bars, splice length = 300 and 400  mm, concrete 
strength = 30–38  MPa, and impact energy = 8.22–
33.66  kJ. However, because of bond failure in the 
majority of specimens, further researches are needed to 
evaluate the impact loading effect on the bond strength 
and bond-slip behavior in wide design parameters.
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