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In this paper, an experimental study was carried out on a rock-mortar interface specimen under three different strain rates (10−6,
10−5, and 10−4 s1) using the MTS322 electrohydraulic servo loading system, and a new constitutive relation function of fictitious
crack model (FCM) according to the axial-stress-crack-width curves of the rock-mortar interface is established, because the
traditional nonlinear softening function easily distorts, shakes, and so cannot describe the damage-evolution process of the rock-
mortar interface accurately. %rough the use of a precise servo actuator system and three extensometers measured axial-stress-
crack-width curves, it is shown that the rock-mortar interface is very sensitive to the strain rate.%e tensile strength increases with
strain rate, the crack width decreases at the same time, and the axial-stress-crack-width curves gradually evolve from a concave-
downward trend to a linear decreasing trend. At the same time, the new constitutive relation function can reflect the tensile
strength, crack width, and the downward trend of the rock-mortar interface more accurately.

1. Introduction

%e interface between rock and mortar in the project often
becomes the weakest point of the entire project, and thus
research in this area is of great significance. Owing to the
structural characteristics of rock and concrete itself, which
usually act as the compression material in most structures,
the compressive strain rate accounts for a large subfield in
the study of rock and concrete material properties under
different strain rates. However, the different strain rates’
tensile stress in the actions of explosions and earthquakes
cannot be avoided. In the Great Hanshin-Awaji earthquake,
some special damage in building structures were likely
caused by interface tensile stress wave propagation [1].

However, the dynamic tensile has not been widely in-
vestigated, and there are few papers describing direct tensile
test of the different strain rates in particular [2, 3]. %is is
because the direct tensile test is difficult, the equipment
requires high precision and cannot achieve easily. It is be-
lieved that the tensile strength is approximately proportional
to the square root of the compressive strength [3]. But

a survey of the technical literature indicates wide scatter in
tensile strength data. To date, the research on the axial tensile
test of rock-mortar interface is very rare [4]. Yan et al.
studied the dynamic tensile strength property of the rock
interface and its host rocks sampled using split-Hopkinson
pressure bar (SHPB) tests [5]. It was reported that the dy-
namic tensile strengths of the two host rocks, that is, tuff and
basalt, have typical loading-rate dependency. However, the
dynamic response of the rock interface is much more
complicated and varies between those of tuff and basalt when
the loading rate is given. Similar works and test results were
also reported [6–9].

In order to further study the principle of this phe-
nomenon, Hillerborg found that a large number of
microcracks appear in the crack front and the surrounding
area before overall instability of the material occurs and that
the macrocracks always appear after these microcracks.
Based on this, the fictitious crack model (FCM), which
applied to describe the nonlinear behavior of brittle mate-
rials, was proposed by Hillerborg et al. [10]. Reinhardt et al.
presented a nonlinear softening function to describe the
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constitutive relation [11]. In some experiments, correct
results can be obtained by fitting the experimental data with
the nonlinear softening function.

%e goal of this paper is to research the rock-mortar
interface constitutive relation under different strain rate (10−6,
10−5, and 10−4 s−1) using the MTS322 electro-hydraulic servo
loading system. %rough use of the direct tensile test method
to obtain more accurate and reliable data, we propose a new
constitutive relation function for fictitious crack model
(FCM) and explore the changing trends of tensile strength,
crack width, and downward trend with strain rate.

2. Experimental Studies

2.1. Materials and Test Specimens. Cylinder core samples
were drilled from granite with a circular diameter (ϕ) of
74mm, and both ends were rubbed until they become
smooth and made lengthwise perpendicular by a cutting
machine. %e specimens were fabricated to ϕ74 × 150 mm,
and both ends were glued onto a steel plate with modified
epoxy resin adhesive. %e specimen was first tensioned on
the MTS322 electro-hydraulic servo loading system until
fracture destruction. Figure 1(a) shows the natural fracture
surface. %e fractured specimen was soaked and rinsed in
water, then wrapped by plastic packaging on the flank of the
cylinder, with the natural fracture surface toward the interior,
and then fixed by an adhesive tape [4]. %e strength of the
plastic package ensures that the sample will not warp and
deform during subsequent operations. %e cement mortar,
which has a mixing weight ratio of 0.5/1/2 (water/cement/
sand), was then placed vertically on the fractured specimen,
and then the specimen was vibrocompacted on the vibration
table as shown in Figure 1(b). %is experiment did not explore
the correlation of the strain rate of the interfacial specimen and
the mortar ratios. From the existing engineering practice, it is
found that the mortar ratio in this experiment has a wide range
of applications and representative and is thus chosen in this
experiment. After maintaining for more than 28d, the laitance
was cut off, and the ends of themortar were polished. Both ends
of the specimen were then glued onto the steel plate (which had
a screw hole in the center) with modified epoxy resin adhesive,
and prepared for the tensile test, as shown in Figure 1(c).

Since each sample is made of rock and mortar, the elastic
modulus of both under different strain rates adopts the
secant modulus of the linear segment before peak at a strain
value of 50 με, as shown in Figure 2. Many papers have
shown the modulus of elasticity without significant change,
only minor growth with increasing strain rate，represented
as the linear growth trend [12, 13]. Rock material has similar
properties, so the elastic modulus value when the strain rate
is 10−5 s−1 adopts the mean value of the former two values.
Other physical and mechanical parameters associated with
the specimen and the elastic modulus of rock and mortar
under different strain rates are shown in Table 1.

2.2. Test Equipment and Methods. %e primary test equip-
ment was a MTS322 electro-hydraulic servo loading system.
An extensometer (MTS Systems Corp., Eden Prairie, MN,

USA) was used to measure the displacement during ex-
periments as shown in Figure 3. %e extensometer’s gauge
length is 25mm, and its measurement range is ±2.5mm.

Each specimen is attached to the three-group
extensometer-fixed frame with epoxy resin adhesive; the
distance between the fixed frame and steel column is ap-
proximately 0.8–1 cm. %e two ends of each specimen are
connected to a ball joint by screws in the center of the steel
cap, and the ball joint is connected to the fixture of the
experimental equipment. %e accuracy requirements for
testing are met during the experiment by adjusting the
tightness between the specimen and equipment and the state
of the ball joint before loading.%e test was conducted under
conditions of three loading rates, 10−6, 10−5, and 10−4 s−1.
%ere were at least three specimens containing an interface
comprising rock and mortar at every loading rate.

2.3. Test Results and Analysis. %e fictitious crack model
(FCM) regards as cracks begin, extension and polymeriza-
tion, when stress achieved peak strength, and this process
has not happened before peak strength [10].%e axial-stress-
displacement curves of the rock-mortar samples under
different strain rates are shown in Figures 4(a)–4(c). In rock-
mortar interface specimens, with the natural fracture surface
of rocks, each specimen section has its own independent
characteristics. %e shape of fractures and the area of
fracture surfaces lead to the difference of bonding area
between rock and mortar directly.

However, this does not affect the applicability of the
FCM model. During the cracking of the specimen, the
coalescence direction of the new cracks and the existing
cracks is random and the stress distribution in the strain-
softening area of the material is irregularly in the radial
direction. %erefore, the final fracture surface of the spec-
imen is not a smooth plane. However, the fictitious crack
model (FCM) is a model that describes the constitutive
relation from the macrodescription of the phenomenon.%e
model assumes that all tensile stresses on the bonded surface
are consistent, and the tension is equivalent to the force on
the projected area. %is accords with the application
foundation of FCM theory.

With increasing strain rate, the peak strength of the
rock-mortar samples increases, and the overall defor-
mation of the sample decreases gradually, as shown in
Figures 4(a)–4(c) and Table 1. As the strain rate increases
from 10−6 to 10−5 and 10−4 s−1, the mean peak stress
corresponding increases by 26.2% and 40.6%, respectively,
and the corresponding deformation at the peak stress
gradually decreases. Severe fluctuations and nonstop
fluctuation of the stress may occur at the beginning of the
peak, as shown at point 1 in Figure 4(b). %is occurs be-
cause, due to different physical parameters, such as the
elastic modulus and Poisson’s ratio of the rock and mortar,
and owing to the existence of large number of microcracks
around the interface, when the peak strength is reached one
or several microcracks develop quickly, and making the
displacement increase suddenly, which leads to a sudden
drop of the pull on the extensometer.
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3. The Constitutive Relation Research

3.1. Traditional Nonlinear Softening Function. As shown in
Figure 5, which depicts the direct tension test of the rock-
mortar sample, the axial-stress-deformation curve of the
sample is composed of �ve parts:

δ � δro + δmo + ω + δre + δme, (1)

where δro is the residual deformation of the rock, δmo is the
residual deformation of the mortar, ω is the crack width, δre

is the elastic deformation of the rock, and δme is the elastic
deformation of the mortar.

�e residual deformation of the rock δro is

δro � δrp − δrep, (2)

where δrp is the total deformation at peak on the axial-
stress-deformation curve and δrep is the elastic deformation
of the rock part at peak on the axial-stress-deformation
curve.

(a) (b) (c)

Figure 1: Fabrication process for rock-mortar interface specimen. (a) Natural fracture of rock; (b) casting of rock-mortar interface; (c) �nal
rock-mortar interface specimen.
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Figure 2: Stress-strain curve of rock-mortar interface under dierent strain rates.

Table 1: Parameters of rock-mortar interface specimen in direct tension test.

Sample label Strain
rate (s−1)

Elastic modulus (GPa) Peak strength
(MPa)

Crack width
(mm)

�e number of
data points (−)Rock Mortar

DT-A-1 10−6 56.5 18.7 2.14 0.145 7499
DT-A-2 10−6 56.5 18.7 1.94 0.128 7005
DT-A-3 10−6 56.5 18.7 1.98 0.140 6089
DT-B-1 10−5 62 19.3 2.59 0.091 4193
DT-B-2 10−5 62 19.3 2.38 0.086 9333
DT-B-3 10−5 62 19.3 2.68 0.0950 7389
DT-C-1 10−4 67.4 19.9 2.73 0.0225 1611
DT-C-2 10−4 67.4 19.9 2.99 0.0218 2671
DT-C-3 10−4 67.4 19.9 2.79 0.0221 2395
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Figure 3: Extensometer of MTS322 electrohydraulic servoloading system.
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Figure 4: Continued.
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%e residual deformation of the mortar δmo is

δmo � δmp − δmep, (3)

where δmp is the total deformation at peak on the axial-
stress-deformation curve and δmep is the elastic deformation
of the mortar part at peak on the axial-stress-deformation
curve.

%e formula for calculating the elastic deformation of
rock (δre) is

δre �
σlr

Er
. (4)

And that for calculating the elastic deformation of
mortar (δme) is

δme �
σlm

Em
, (5)

where lr and lm are the lengths of the rock and mortar parts
of the sample, respectively, σ is the stress at some point, and
Er and Em are the elastic moduli of the rock and mortar,
respectively.

So the crack width (ω) can be obtained as follows:

ω � δ − δro − δmo − δre − δme. (6)

%e length of the rock and mortar section of each
specimen was measured before the test (lr and lm). %e
physicomechanical parameters of these two sections
were also obtained in the previous tests, as shown in
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Figure 4: Axial-stress-deformation curves under different strain rates by experimental. (a) 10−6 s−1; (b) 10−5 s−1; (c) 10−4 s−1.
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Table 1. During the process of axial tensile test, the overall
deformation of the sample was measured by the extensom-
eter, and the value of the elastic deformation and plastic
deformation of the rock section and mortar section of
each specimen was obtained by Equation (2)–Equation (5);
the axial-stress-crack-width curves for different strain rates
(10E-4, 10E-5, and 10E-6) were obtained, as shown in Figures
6(a)–6(c). As can be seen from these figures, along with
increasing strain rate, the axial tensile strength of the rock-
mortar interface increases and the maximum crack width
decreases constantly. %e axial-stress-crack-width curve
varies from a concave-downward trend to a linearly de-
creasing trend.

Because the actual axial-stress-crack-width curve is
a complex smooth curve, in order to make the FCM more
easily applied to fracture process analysis, many scholars

have presented a variety of simplified forms of the function
expression. Reinhardt et al. [11] put forward a nonlinear
softening function to describe the constitutive relation,
sometimes consistent with the test data:

σ � ft 1 +
c1ω
ωf

 

3
⎡⎣ ⎤⎦exp −

c2ω
ωf

 −
ω
ωf

1 + c
3
1 exp −c2( 

⎧⎨

⎩

⎫⎬

⎭,

(7)

where σ is the axial stress, ft is the axial tensile strength, ωf is
the maximum crack width, ω is the crack width. c1 and c2 are
the material parameters and test data are substituted into the
model function and least squares fit optimization.

%e axial-stress-crack-width curves are fitted by the
above nonlinear softening function Equation (7), as shown
in Figure 7(a). In this trial study, this tensile softening
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Figure 6: Axial-stress-crack-width curves under different strain rates (σ −ω) by experimental. (a) 10−6 s−1; (b) 10−5 s−1; (c) 10−4 s−1.
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function can reflect the tensile strength, the crack width, and
the downward trend of the rock-mortar interface more
accurately when the strain rate is 10−6 s−1: c1 � 8.156,
c2 � 16.653, ft � 2.041, and ωf � 0.141.

3.2. A New Function of Containing Rate Effect. %e softening
nonlinear function fitting results using Equation (7); the
fitting function mentioned by Reinhardt might be curvilinear
oscillations in some situations. For instance, when the strain
rate is 10−5 s−1, two extreme points appear in the fitting result
as shown in Figure 7(b), which obviously no longer meet the
actual. %is is because of the cubic term in the Reinhardt
function, which has rich dynamic behaviors in control
function equation, and may lead to situations with unstable
and local bifurcation fitting curve solutions. Guo et al.
studied the stability of a nonlinear dynamical system with
cubical terms, and similar results were obtained [14].

At present, functions describing the FCMmainly include
several forms, such as linear, bilinear, trilinear, exponential
and power functions, among others. %e linear function
description is not accurate enough, and the bilinear and
trilinear functions contain too many parameters and are
complicated. In response to this problem, we use a new
function that combines the power function and exponential
functions as Equation (8) shows, based on the previous
work, to describe the constitutive relation of the rock-mortar
interface softening under different tension strain rates. %is
function can be more accurate in reflecting the tensile
strength, crack width, and the downward trend of the rock-
mortar interface, and the fitting results using it are shown in
Figures 8(a)–8(c):

σn � c1ft exp
−c2ω
ωf

  + 1−
c3ω
ωf

 

1/5
⎡⎣ ⎤⎦, (8)

where σn is the axial stress, ft is the axial tensile strength, ωf
is the maximum crack width, ω is the crack width, and c1,
c2, and c3 are the material parameters, fitted by test data.
%e values of the parameters are shown in Table 2.

%e new function successfully solves the problem of
the inaccuracy of the description of the damage-evolution
process of the rock-mortar interface. It can more accu-
rately reflect the interface axial tensile strength, fracture
width, and interface strength, and accordingly it can
describe more accurately the constitutive relation of the
rock-mortar interface softening under different strain
rates.

From Table 1 and Figure 8, it can be seen that the
physical and mechanical properties of the rock-mortar
interface is sensitive to the change of the strain rate.
With increasing of the strain rate from 10−6 s−1 to 10−4 s−1,
the axial tensile strength of the interface increases grad-
ually, the width of cracks and the nonlinear degree of
curves gradually reduce, and the concave trend of the
curves changes to linear diminishing trend. %is is because
under low strain rate, only those cracks that can be acti-
vated under low stress level are fully extended and the
extension and polymerization of those cracks lead to de-
struction of the sample before the stress reaches the level
that can make the other cracks extend. From the macro-
scopic view, the crack develops and breaks along the
weakest path of the interface of rock-mortar, as shown in
Figures 9(b) and 9(d). %erefore, the specimen has lower
stress strength and larger crack width. %e rate effect
loading test of granite by Liao et al. [15] and the test results
of the mortar-granite interface by Wang et al. all got the
same or similar conclusions [4]. With the increase of the
strain rate, these cracks that can be excited at low stress
levels have not yet fully expanded and polymerized, the
crack that can only appear under high stress level has
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Figure 7: %e result comparison of experimental and fitting curve of conventional nonlinear function. (a) 10−6 s−1; (b) 10−5 s−1.
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already been activated, extended, and aggregated.�e crack
extends along the shortest distance (the maximum energy
consumption surface), making the section more smooth at
the macrolevel. �e possibility that cracks pass through the
specimen’s higher strength area will increase. Figures 9(c)
and 9(e) show that some cracks occurred inside the mortar
under higher strain rate, the strength of the specimen is
relatively high, and the crack width is smaller. Using

granite, Wang et al. studied the mechanical properties of
soft rocks under dynamic axial tension and compression,
which got similar results [4].

4. Conclusion

�is paper explored the constitutive relation of rock-
mortar interface softening at dierent strain rates by

Table 2: Equation parameters of the �tting curve of new function and fracture energy.

Strain rate (s−1) ft (MPa) ωf (mm) c1 (−) c2 (−) c3 (−) Reduced chi-square (−) Adjusted R-square (−)
10−6 2.011 0.141 0.76 7.14 1 0.0131 0.903
10−5 2.560 0.091 0.84 4.93 1 0.010 0.958
10−4 2. 891 0.022 0.88 1.57 1 0.004 0.972
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Figure 8: �e result comparison of experimental and �tting curve of new function. (a) 10−6 s−1; (b) 10−5 s−1; (c) 10−4 s−1; (d) the average
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conducting direct axial tensile tests under three different
such rates, 10−6, 10−5, and 10−4 s−1, and the main con-
clusions are shown as follows:

(1) %e rock-mortar interface tensile strength is sensitive
to strain rate, and the relationship is that the higher
the strain rate is, the higher the interface tensile
strength goes. When the strain rate increases from
10−6 to 10−4 s−1, the mean interface tensile strength
increased by 55%.

(2) As the strain rate increases, the curvature of the
axial-stress-deformation curve after the peak de-
creases, an effect that is more obvious with higher
strain rates. %e final crack width of the axial-stress-
crack-width curve also decreases when the strain rate
increases.

(3) In view of the traditional nonlinear softening func-
tion being prone to curve oscillation, the damage-
evolution process of the rock-mortar interface
cannot describe accurately. %us, in this paper,
a new tensile softening function is proposed, that is,

σn � c1ft[(exp(−c2ω/ωf )) + (1− (c3ω/ωf ))
1/5],which

can more accurately reflect the tensile strength, crack
width, and downward trend of the rock-mortar
interface.
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