
Effects of loading rates on concrete double-K fracture
parameters

Shaowei Hu a, Xiufang Zhang b,⇑, Shilang Xu c

aDepartment of Materials and Structural Engineering, Nanjing Hydraulic Research Institute, Nanjing 210098, China
bDepartment of Civil Engineering, Dalian University of Technology, Dalian 116024, China
cCollege of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, China

a r t i c l e i n f o

Article history:
Received 15 May 2014
Received in revised form 7 September 2015
Accepted 8 September 2015
Available online 3 October 2015

Keywords:
Loading rate
Central-notched split tension cubes
Concrete
Double-K fracture toughness
Critical crack propagation rate

a b s t r a c t

The effects of loading rates on concrete double-K fracture parameters were investigated
using central-notched split tension cubes, both experimentally and analytically. Four load-
ing rates varying from 10�5/s to 10�2/s was adopted. Results showed that, with the increase
of loading rates, the initiation fracture toughness linearly increased while the unstable
fracture toughness varied by a first increase and a followed constant trend. It was also con-
firmed that double-K fracture model may be further extended to wider dynamic loading
rates, such as seismic dynamic excitation. Finally, the models describing the loading rate
influences on double-K fracture toughness parameters were developed.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

There is great likelihood for most concrete structures to work under dynamic or moderate loads in their life cycles, in
addition to static loads. Therefore, investigation on rate-dependence of concrete fracture properties is in need to reasonably
predict crack propagation and failure response of concrete structures. In the past decades, many studies have been con-
ducted by researchers to reveal the influence of loading rates on fracture behavior of concrete-like quasi-brittle materials.
Du et al. [1] numerically modeled the dynamic crack propagation of the notched and unnotched mortar beams subjected
to impact action. John et al. [2] analytically predicted the strain rate sensitivity on concrete fracture behavior based on
the two-parameter fracture model [3]. Bažant et al. [4,5] applied the size effect law to study fracture parameters of limestone
at various loading rates in the static regime (crack mouth opening displacement CMOD rate 10�7–10�2 mm/s). A slight
increase in both fracture toughness and nominal strength was observed with an increase of loading rate. Fracture process
zone length and the brittleness index, however, were found to be rate-independent. Zhang et al. [6] measured fracture
toughness of rock over a wide range of loading rates using short-rod fracture specimen. It was stated that the fracture tough-
ness presented a constant and then rising trend with the loading rate. Lambert et al. [7] conducted split Hopkinson pressure
bar test on notched-cavity splitting tension cylinders to investigate the variation of concrete fracture parameter with loading
rates. As concluded, a significant increase in the effective fracture toughness was observed as loading rate increased. Tadon
and Faber [8] studied the effects of loading rates on the fracture of cement paste, mortar, and concrete using notched
split-tension cylinders. In the tested range of loading rates (0.25, 1, 10 and 100 lm/min), the peak fracture toughness was
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Nomenclature

a half effective crack length (mm)
a0 half initial crack length (mm)
ac half critical effective crack length (mm)
as half characteristic effective crack length (mm)
Ai coefficients relating to relative load-distributed width (i = 0–3)
B specimen thickness (mm)
Bi coefficients relating to relative load-distributed width (i = 0–3)
C secant compliance for load-CMOD curve (mm/N)
Ci initial compliance for load-CMOD curve (mm/N)
CMOD crack mouth opening displacement (mm)
CMODc critical rack mouth opening displacement (mm)
COD crack opening displacement (mm)
CTOD crack tip opening displacement (mm)
CTODc critical crack tip opening displacement (mm)
dmax maximum aggregate size used in tested concrete (mm)
D half specimen width or depth (mm)
E Young’s modulus of concrete (MPa)
fck characteristic compressive strength of concrete (MPa)
fcm mean compressive strength of concrete (MPa)
ftm mean tensile strength of concrete (MPa)
Gf fracture energy (N/mm)
h total depth of specimen (mm)
k(a, b) non-dimensional function for KI or geometry factor
KI stress intensity factor (MPa m1/2)
KI
c stress intensity factor caused by cohesive stress (MPa m1/2)

KIc
c cohesive fracture toughness (MPa m1/2)

KIc
ini initial fracture toughness (MPa m1/2)

KIc
ini,0 initial fracture toughness at reference strain rate of 10�5/s (MPa m1/2)

KIc
ini-exp experimentally initial fracture toughness (MPa m1/2)

KIc
ini-th calculated initial fracture toughness (MPa m1/2)

KIc
un unstable fracture toughness (MPa m1/2)

KIc
un,0 unstable fracture toughness at reference strain rate of 10�5/s (MPa m1/2)

KIc
un-exp experimentally unstable fracture toughness (MPa m1/2)

Mi universal weight function parameters (i = 1–3)
mij polynomial coefficients (i = 1–3, j = 0–7)
m(x, a) weight function
m(x, ac) weight function at Pmax

P load (kN)
Pmax maximum load (kN)
Pini initial cracking load (kN)
t half load-distributed width (mm)
tini time to initial cracking load at tested strain rate (s)
tini
0 time to initial cracking load at reference strain rate of 10�5/s (s)
tp time to maximum load (s)
vc critical crack propagation velocity at tested strain rate (mm/s)
vc0 crack propagation rate at reference strain rate of 10�5/s (mm/s)
V(a, b) non-dimensional function for CMOD
w crack opening width (mm)
w0 critical crack opening of bilinear softening curve (mm)
ws crack opening at turning point of bilinear softening curve (mm)
w(x) crack opening along crack line (mm)
Dac half critical crack extension (mm)
a crack-depth ratio or relative crack length
a0 initial crack length-depth ratio or initial relative crack length
ac critical relative effective crack length
aF parameter relating to maximum aggregate size
b ratio of load-distributed width to the specimen depth
k parameter describing deformation performance of concrete
rN nominal tensile stress produced by applied load (MPa)
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