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The shear behavior of fresh mortar is investigated using a force balance approach. In this approach, fresh
mortar is considered as a two-phase material containing a matrix of cement paste and a group of rigid,
spherical, non-cohesive aggregate particles. The shear resistance of a micro unit mortar is first assessed
based on the friction between two contacted particles and the shear force carried by the cement paste of
the micro unit mortar. The shear force of a macro-unit mortar is then calculated based on the number of
the contacted aggregate particles in the mortar and the shear force carried by the rest of the cement
paste. Forty-seven fresh mortar mixtures made with aggregate and paste having different characteristics
and mix proportions are tested using a direct shear apparatus. The study indicates that the shear behavior
of mortar follows the Mohr-Coulomb equation. The newly developed model can well predict the shear
behavior of mortar materials and explain the direct shear test results.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Mortar occupies over 50% of concrete volume and has signifi-
cant influence on concrete properties. In the development of a con-
crete mix proportion, the mortar phase is often designed and
evaluated first so as to select appropriate combinations of water,
powder, and admixtures to take forward to concrete trial mixtures
[1]. To ensure a workable concrete mixture, a layer of mortar with
a sufficient thickness is required to coat the coarse aggregate par-
ticles for the mixture to have an adequate flowability. In self-con-
solidating concrete (SCC), mortar has to have proper deformability
for the concrete mixture to achieve self-consolidation and ade-
quate yield stress to prevent segregation of coarse aggregate
[2,3]. Understanding the shear behavior of mortar is essential for
designing a workable concrete mixture [4].

Two important rheological parameters are often used to de-
scribe the flow behavior of concrete materials: yield stress and vis-
cosity. A “true” yield stress is the shear stress required by an
elastic-viscous material for initiating a plastic deformation. It is
the maximum shear stress under which the material keeps in a sta-
tic state [5]. A material must overcome the yield stress to trans-
form from solid to liquid behavior. The present study is to
investigate the yield behavior of a fresh mortar and deals with
the mortar material under a static state. Viscosity is the resistance
of a material to flow, and it describes the material behavior in a dy-
namic state, which is not studied in the present paper.
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Presently, yield stress of a concrete material is often determined
by some workability tests [5-7]. The yield stresses measured from
these tests are actually called Bingham yield stress, rather than the
“true” yield stress. Due to variations in the test equipment and pro-
cedures, the Bingham yield stresses obtained from different exper-
iments often vary largely [5]. Some research has been conducted
studying the relationship between the “true” and Bingham yield
stresses [5,7]. However, most of these studies are still based on
experimental approaches. The study of the “true” yield stress of
mortar is limited.

Li et al. [8] attempted to model the “true” yield stress of high
flowability fresh concrete. They considered concrete as a particle
assembly and assumed that the interparticle force was generated
by the friction between the particles and the link resulting from
the surface tension and suction of pore water. Although their mod-
el qualitatively described yield behavior of some cementitious
materials, they neglected the factor that the cement particles are
cohesive and aggregate particles are non-cohesive.

In the modeling of mortar/concrete flowability, the amount of
excess paste that coats aggregate particles and the rheology of
the paste are essential. It is the excess paste, rather than the paste
that fills the voids among the aggregate particles, that maintains a
mortar or concrete flow [9]. Oh et al. reported that when the thick-
ness of the excess paste that coats aggregate particles increased,
both the yield stress and viscosity of concrete decreased, thus
resulting in flowable concrete [10]. For given paste content, the ex-
cess paste thickness is dependent on the aggregate gradation.
Well-graded aggregate contains less volume of voids among its
particles and requires less paste to fill the voids among the parti-
cles so that more paste remains and coats the aggregate particles,
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Nomenclature

Across agg Cross section area on the slant plane of cement paste
bridging two aggregate particles

Ay net area of cement paste in a unit volume of mortar

Cm cohesion of fresh mortar

Do the average diameter of the aggregate particles retained
on a given sieve, i

D; the average diameter of the ith group, D; = M

where (D;)max iS the maximum diameter of ith group
and (D;)min is the minimum diameter of ith group

fe shear force from cement paste, see Fig. 3
fi interparticle force, see Fig. 3
i component of interparticle force (f;) on direction normal
to the local slant surface, see Fig. 3
ft component of interparticle force (f;) on direction of the

local slant surface, see Fig. 3

i the order of the sieves used.

Vage volume fraction of aggregate in a unit volume of mortar

Nage number of aggregate particles in a unit volume of mor-
tar

P probability of aggregate contacting to other particles

Py combination parameter of probability for internal fric-
tion angle of mortar

P, combination parameter of probability for cohesion of
mortar

S average interparticle distance
Vuncomp agg VOlume of voids among aggregate particles in a unit
volume of mortar at granulate dry state

voids un-compacted void content of the aggregate particles

Vpaste volume of cement paste in a unit volume of mortar

Vexcess paste VOlume of excess paste in a unit volume of mortar

S average interparticle distance

o angle of direction, see Fig. 3

B angle of direction, see Fig. 3

o; normal force applied on particle, see Fig. 4

Page friction angle of aggregate particles in dry granular state

du friction angle of fresh mortar

0 local force concentrate angle, see Fig. 3

u friction coefficient of aggregate particles in dry granular
state

™ yield stress of mortar

TNP shear stress from net paste in a unit volume of mortar

Tagg shear stress from contact aggregate particle friction in a
unit volume of mortar

Tp yield stress of cement paste in mortar

T shear force generated by particle friction, see Fig. 3

which will contribute to the mortar/concrete flow [11,12]. Su et al.
applied the excess paste theory to design SCC [13]. Coupling the
excess paste thickness concept with other theoretical approaches,
the authors of this paper have developed some models for predict-
ing yield stress of a cement paste and shear stress of a mortar
[14,15].

The objective of the present study is to investigate the shear
behavior and “true” yield stresses of fresh mortars. In this study,
the model for mortar shear behavior is developed using a force
balance approach from a micro-scale to macroscale level. The
interparticle distance, corresponding to the excess paste, is con-
sidered in the model. Forty-seven (47) fresh mortar mixtures
made with different water-to-cement ratios (w/c), sand-to-ce-
ment ratios (s/c), and aggregate size and gradations are tested
using a direct shear apparatus. These experimental results deter-
mine the values of probability parameters used in the theoretical
model, through which the model is then calibrated and validated.
Using the newly developed model, the shear behavior of mortar
materials can be predicted and the direct shear test results can
be well explained.

2. Model development

In the present model development, fresh mortar was consid-
ered as a two-phase material, which contains a matrix of cement
paste and a group of rigid, spherical, non-cohesive aggregate par-
ticles (Fig. 1). The shear force of a micro-scale mortar unit, also
called a micro unit, which consists of two contacted aggregate
particles surrounded by a layer of cement paste, was first assessed
from all forces balanced on a micro slant surface. The shear force
was assumed resulting from the friction between these two con-
tacted particles and the shear force carried by the cement paste
of the micro unit. The shear force of a conventional unit volume
of the mortar (such as a cubic centimeter or cubic meter of mor-
tar), also called a macro-unit mortar, was then calculated based on
the number of the contacted aggregate particles in the macro-unit
and the shear force carried by the rest of cement paste. The num-
ber of the contacted aggregate particles in the macro-unit mortar
was estimated based on the probability concept. The details in the
shear stress model development are presented in the following
sections.

(a) a “real” mortar

(b) a simplified mortar (aggregate particles are rigid

spheres)

Aggregate particle

%] Paste

(c) afurther simplified mortar (aggregate particles are equal-sized
rigid spheres, with an average diameter of Dy and net space of S.)

Fig. 1. Simplification of fresh mortar system.
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2.1. Assumption and simplification
The following assumptions were made to simplify a mortar:

1. The cement paste of the mortar is an ideal elastic-viscous mate-
rial with known rheological properties.

2. All aggregate particles in the mortar are rigid, spherical, dry,
and non-cohesive particles.

3. The different sizes of graded aggregate can be represented by a
group of single-sized spheres with an average diameter (D).

4. The mortar is freshly mixed, and the cement paste properties of
the mortar do not change during the short time of this rheology
study. There is no bond between the cement paste and aggre-
gate particles. No static aggregate segregation occurs in the
mortar mixture.

5. No entrained or entrapped air voids exist in the mortar.

Based on the above assumptions, a macro-unit volume of an ac-
tual mortar, composed of well-graded, irregular-shaped aggregate
particles in a cement paste (Fig. 1a), can be simplified as an “ideal”
mortar that consists of single-sized, rigid, spherical particles in a
elastic-viscous paste (Fig. 1c via Fig. 1b).

2.2. Volumetric calculations

The average diameter (Dg) of the single-sized spherical aggre-
gate particles in Fig. 1c can be determined by Eq. (1), according
to the actual aggregate gradation [16]:

] 1/3
Do= {m} W

where, Dy is the average diameter of all aggregate particles in the
mortar; p; is volume fraction of the aggregate particles on a given
sieve, and i; D; is the average diameter of aggregate particles on
sieve i;
Di = A(Di)max + (Di)min

2

where (D;)max i the maximum diameter of aggregate particles on
sieve i; (D;)min is the minimum diameter of aggregate particles on
sieve i; and i is the order of the sieves used.

The number of aggregate particles (N,g) in a macro-unit
volume of mortar having the aggregate volume fraction of Vg is
given by:

Vagg Ve
4. ()’ 7Dy

(2)

The volume of void among the un-compacted aggregate parti-
cles (Vuncomp voids) in the macro-unit volume of the mortar can be
obtained from the un-compacted void content of aggregate parti-
cles (Nuncomp agg) Measured according to ASTM C1252 [17]:

NMuncomp agg . Vagg (3)

Vuncom ids =
p voids
1- nuncomp agg
The volume of cement paste (Vpaste) in the macro-unit volume of
the mortar is:

Vpaste =1- Vagg 4)

The volume of the excess cement paste (Vexcess paste) is defined as
the total volume of the cement paste (Vpaste) minus the volume of
cement paste that fills the voids among the aggregate (Vpaste in voids)»
which is equal to the volume of void among the un-compacted
aggregate particles (V ). The volume of the excess cement

uncomp  voids

paste (Vexcess paste) Can be expressed as below [9]:

1
Vg )

Vexcess paste = Vpaste - Vpaste in voids = 1- 1
— Nuncomp agg

The average interparticle distance (S) is defined as the average
net distance between two aggregate particles, and it can be calcu-
lated from the volume of the excess cement paste in a macro-unit
volume of mortar (Vexcess paste ), the number of aggregate particles in
the mortar (N,), and the surface area of a single aggregate particle
(Apartice = TD3), as given below:

[ 2V excess paste _ Dy . (1 - Vagg > (6)
Nagg : Aparticle 3vagg 1- Mun-compacted agg

2.3. Stress analyses

Fig. 2 illustrates the mechanism by which the shear stress (1) is
generated in a given shear plane of a macro-unit volume of a
freshly mixed mortar under a normal stress (o). Based on the force
balance concept, the external shear stress (t), resulting from the
applied normal stress (), should be balanced by the internal shear
stresses of the mortar material. Two sources of the internal shear
stresses are considered in the present model: (1) the friction be-
tween contacted aggregate particles and (2) the shear stress car-
ried by the cement paste (t,).

In order to obtain the overall stress of the mortar, the interac-
tion of two particles is studied first. Fig. 3a shows the forces acted
on a two particle micro unit of a macro-unit of mortar. The two
particles (i and j) are coated with a uniform layer of cement paste
except for the contacting point C. At the contact point, a force (f;) is
generated due to the particle interaction. This internal force (f;) can
be divided into two components and serve as one source of the
resistance to the normal and shear stresses (o; and t;) of the
macro-unit mortar. Thus, the normal stress (¢;) and the shear
stress (7;) contributed by the internal force (f;) in a micro unit mor-
tar can be written as [14,15]:

o;=f'=fi-cosa; and (7)
T =f} =fi-sinoccos (8)

where o and f are position angles of force f; in x-y-z coordinate (see
Fig. 3b).

When a number of micro units are considered in a macro-unit
mortar, the average shear and normal stresses (7; and ;) of the mi-
cro units can be assessed based on the probability concept as
shown by Egs. (7) and (8). The probability (P;) of the force (f;) falling
in the range of a half sphere, as illustrated in Fig. 3b, can be deter-
mined by two position angles « and 8. This probability value (P;)
can be expressed as [18]:

A two-particle
~micro unit

Shear plane

Fig. 2. Force acted on a macro-unit of mortar.
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Particle j

&~ Particle i

Z

(a) Forces acted on a micro unit of mortar

Ya Am

A
z

(b) Position of force f;

Particle j

Paste
X

Slant failure plane \\

Particle i

(c) Slant failure plan of the micro unit

Fig. 3. Stresses development in a micro unit of mortar.

sina -dp - do
Pi(av ﬁ): nﬁ

where, o € [0F] and g € [-Z,%].
Thus, the average shear and normal force of a typical micro unit
can be obtained as:

9)

f,.:/ S tidudp = 0.637 (10)
o,p

(;—,.:/ T2 dadf = 05, (11)
o

Similar to that in soils, shearing strength of a fresh mortar is the
result of the resistance to movement at interparticle contact.
Therefore, the maximum shear of the micro unit mortar can be as-
sumed to occur on the slant plane that goes through the two par-
ticle contacting point and is perpendicular to the center line of the
two particles studied (Fig. 3c). According to Fig. 3a, the particle
interaction force generated on the slant plane (f!) can be deter-

mined as f! = f; - sin6, where 0 is the local concentrated angle of
two contact aggregate particles. This force (ff) results from two
sources: (1) the friction between the two contacted particles and
(2) the shear force carried by the cement paste of the micro unit,
and it can be expressed as:

Fi=f" pu+f (12)

where, f!' = f;-cos6; u is the friction coefficient of the aggregate
particles; and f. is the shear force generated by cement paste on
the slant plane. f. can be determined as:

fc =1Tp ‘Apaste,m (13)

where, Apaste, m iS the area of the cement paste enclosed by the two
aggregate particles of a micro unit and projected on the slant plane,
or Apaste, m = D3 /4.

It is noted that the form of Eq. (12) is similar to that of the
Mohr-Coulomb equation, which is commonly used to express
the shear failure condition of rock or soil.

Combining Eqs. (10)-(13), the following equation can be
obtained:

T . 0
Wsmozﬁ-cosau-s—rp-Apaste_m (14)
Through a different study, the authors have found the correla-
tion between aggregate particles friction angle (¢,4,) and their fric-
tion coefficient (1) as tan(¢,g,) = 1.274 W [18]. Thus Eq. (14) can be
rewritten as:

_ tand,,
' tano '

0.6377, - Apaste, m
sin 0

(15)

Eq. (15) gives the average value of the shear force generated by
a micro unit containing two contacted aggregate particles.

It is assumed that in a macro-unit shear plane, there are Ngg
aggregate particles (see Eq. (2)), and the probability that these
aggregate particles getting in touch is known as P. (The calculation
of P value will be discussed later.) Thus, the subtotal shear stress
resulting from the friction of the contacted aggregate particles in
the shear plane (7,4) can be expressed as:

Tagg = P Nagg - Ti

tan ¢
=P. Nagg . Apaste. m ( 8 .

tano

0.637 p) (16)

- T
sin @

The shear force resulting from the net cement paste (typ), Not
including the paste enclosed by the touched aggregate particles,
in the macro-unit shear plane of mortar is:

Tne = Tp - Ap = (1 — P - Nagg - Apaste, m - COS QL) - Tp (17)

where, A, is the net area of cement paste in a macro-unit volume of
mortar. It is the area of the macro-unit shear plane subtracting the
area of the paste enclosed in all micro units of contacted aggregate
particles. A, can be calculated as:

AP:‘1 *P'Nagg'Apaste.m'COSOC (18)

Combining Eqs. (16)-(18), the total shear force generated in the
macro-unit mortar shear plane (7)) becomes:

Tv = Tnp + Tagg = (1 = 0.5 P Nagg - Apaste, m) - Tp

tan ¢ 0.637
+P'Nagg‘Apaste‘m<tan9A . SiI‘l@ 'Tp> (19)
Eq. (19) can be simplified as:
_ 3.P-Vyy
™= 2~D0~tan6)'tan¢)agg i
0.9555 P.-Vag
+ {1 + < snd —O.75> "D, } - Tp (20)
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. 3.P.V

Given tan ¢, = Tﬂ:;g() ~tan ¢, = P1 - tan ¢, (21)
_ 0.9555 P Vg

and Cy = {l + < " —O.75> Dy “Tp
Eq. (20) can be rewritten as:
Ty =tan¢y -0+ Cy (23)
or Ty = P, ~tan¢agg-0'+(1 +Py)-1p (24)
where,
P, 3-P-Vyy  tangy

' 72Dy tanf  tang,,
and

_ (0.9555 PV Cu

P, = ( sind —0.75) "D, 71_—13—1

Since P; and P, containing the probability term (P), they are
called probability parameters. 7, is the yield stress of cement
paste, which can be obtained from either rheology test or model-
ing [14].

Again, the form of Eq. (23) appears the same as that of the
Mohr-Coulomb equation. Correspondingly, ¢,, can be defined as
the friction angle and Cy, can be defined as the cohesion of mortar.
Cy is also the yield stress under zero normal stress, or the rheolog-
ical “true” yield stress of the mortar.

Based on Egs. (23) and (24), the value of tan ¢ depends upon
the aggregate characteristics (¢,,, and Do) and volume fraction
(Vagg), the probability that the aggregate particles in a mortar un-
der a shear force may get in touch (P), and the local force concen-
trate angle (0). As explained in the following, both 0 and P depend
upon the average interparticle distance (S), which also relies on
aggregate characteristics and volume fraction.

The angle 0 randomly varies in the range of (0° 90°). When
0 =90 °, a layer of excess cement paste exists between aggregate
particles of the mortar (or S > 0), and there is no touch between
the aggregate particles (tan ¢, = 0). Thus, the yield condition of
fresh mortar (Eq. (23)) becomes 1) = Cy. When 0 = 0°, all forces
applied onto two adjacent aggregate particles are coaxial with
the axis connecting the gravity centers of the two particles, which
is an extreme interlock situation. In this case, the mortar is not a
particle assembly but a piece of solid. As a result, 0 of a mortar
should be larger than zero.

As discussed later, the probability parameters P; and P, can be
obtained from their relationship with S through the curve fitting of
test data. Like parameters Vg, Do, and S, Py, and P, are also mate-
rial-related parameters and dependent on the mortar mix propor-
tion. Therefore, the quantitative predictions for the friction angle
(¢m) and cohesion (Cy,) of mortar can still be achieved from Egs.
(23) and (24) with no need of any experimental results.

Note that Eq. (24) is a different format of Eq. (23). As discussed
later, using Eq. (24), the parameters (¢ and Cy) of Eq. (23) can be
studied more easily.

3. Experimental work

In order to verify validity of the newly developed model and
find out the effects of mortar material properties on yield stress,
a group of mortar mixtures made with different w/c, s/c, and sand
gradations were tested by using a direct shear test.

3.1. Materials

Type I Portland cement was used in mortar and its chemical and
physical properties are shown in Table 1. No chemical admixture
was employed. River sand was used as fine aggregate, and its spe-
cific gravity was 2.63 under the saturated surface dried (SSD) con-
dition and 2.59 under the oven dried (OD) condition. Four single-
sized aggregates (#16, #30, #50, and #100) and three graded
aggregates (G1, G2, and G3, with fineness modulus (F.M.) of 3.40,
2.81, and 2.25 respectively) were used. G1 and G3 are the high
and low limits of ASTM C33, Standard Specification for Concrete
Aggregates, and G2 is in the middle of G1 and G3. The other prop-
erties of the aggregate are presented in Table 2. The un-compacted
void content of the aggregates was measured according to ASTM
C1252 [17], the Standard Test Method for Un-compacted Void Con-
tent of Fine Aggregate. The average diameter of the aggregates (Do)
was calculated from Eq. (1). The friction angles of the aggregates
(¢agg) were obtained from a direct shear test.

3.2. Mix proportions

Three cement pastes made with different w/c were used in mor-
tar. Table 3 gives the yield stresses of the pastes, measured by a
BROOKEFIELD rheometer. Table 4 shows the mortar mix proportions
with different w/c, s/c, aggregate size and gradations. In total, forty-
seven (47) mortar mixtures were studied.

3.3. Mixing procedure

All cement and mortar samples were mixed according to ASTM
C305 “Standard Practice for Mechanical Mixing of Hydraulic Ce-
ment Pastes and Mortars of Plastic Consistency” [19]. The temper-

Table 1
Chemical and physical properties of cement.
Oxide composition (%) CaO Si0, Al,0; Fe,03 MgO SO3
6296 20.96 4.54 3.48 2.91 2.77

CsS GS CGA C4AF Gypsum
53.71 1958 6.14 1059 0.78
Specific gravity Fineness

3.15 373 m?/kg

Physical properties

Table 2
Aggregates and properties.

ID Un-compacted void Average diameter, Dy Friction angle”,
content (mm) agg (°)
RS#16  0.420 1.770 41.03
RS#30  0.445 0.890 41.31
RS#50  0.450 0.450 41.31
RS#100 0.458 0.225 41.24
RS-G1 0.358 0.523 41.17
RS-G2 0.372 0.364 40.99
RS-G3 0.395 0.222 41.24

" The aggregate friction angle was measured from a direct shear box test. It is
independent of aggregate size. Therefore, the average friction angle of the river sand
(pagg =41°) is used in the present study.

Table 3

Cement pastes and properties.
Paste # P1 P2 P3
wfc 0.35 0.40 0.45
Yield stress, 7, (Pa) 473.6 205.2 1484
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Table 4
Mortar mix proportions.
Aggregate Paste slc
#16 P1, P2, P3 1
#30 P1, P2, P3 1
#50 P1, P2, P3 1
#100 P3 1
G1 P1, P2, P3 1
G2 P1, P2, P3 1
G3 P1, P2, P3 1
#16 P1, P2, P3 2
#30 P2, P3 2
#50 P2, P3 2
#100 P3 2
G1 P1, P2, P3 2
G2 P1, P2, P3 2
G3 P1, P2, P3 2
#16 P3 3
#30 P3 3
G1 P1, P2, P3 3
G2 P1, P2, P3 3
G3 P1, P2, P3 3

ature of mixing water was controlled at 25 °C (77 °F). The environ-
mental temperature and relative humidity were 25%1.5°C
(77 £2.7 °F) and 36 + 3%, respectively, during the sample mixing
and the Rheometer and direct shear tests.

3.4. Direct shear test

ELE Direct/Residual Shear Apparatus for geotechnical material
was used in present study. The apparatus have a round shear area,
which is 3167 mm? (4.9089 in.?). The shear rate was controlled as
1 mm/min. The total shear deformation is 5 mm (0.1969 in.). In or-
der to prevent the leaking of cement paste in the shear box, the
gaps between upper and lower shear boxes and the gaps between
the loading plate and the vertical surface of upper shear box were
sealed with a mineral grease. Three different normal stresses (0;
30.945; and 61.890 kPa (0; 4.488; and 8.977 psi)) were applied to
the mortar samples. The whole shear test process (from the contact
of the cement with water to the end of the test) is about 15 min.

4. Results and discussions
4.1. Typical direct shear test results

Fig. 4a shows the typical direct shear test results of a mortar
sample (w/c=0.35; s/c=1, RS#30) under three different levels of
normal stresses (0; 30,945; and 61,890Pa (0; 4.488; and
8.977 psi)). It is observed in the figure that shear stress of the mor-
tar increases with normal stress. The peak shear stress of each
curve can be considered as the maximum shear resistance of the
mortar under the given normal stress. As a result, the relationship
between the maximum shear resistance and its normal stress of
the mortar samples presented in Fig. 4a can be plotted as Fig. 4b.
This relationship, approximately linear, is similar to that described
by the Mohr-Coulomb equation that is commonly used to express
the shear failure condition of rock and soil. Comparably, the inter-
nal friction angle (¢y,) of the mortar can be determined from the
slope of the shear stress-normal stress curve, and the cohesion
(Cum) can be determined from the intercept of the linear fitting line
on shear stress axis. Based on the rheological definition, the rheo-
logical yield stress of the tested mortar is the maximum shear
resistance at zero normal stress, under which the fresh mortar will
not have shear deformation. This rheological yield stress from the
direct shear test can be considered as the “true” yield stress of
mortar.

18 -
wic=0.35; s/c=1; RS#30 |
16_ B T S - 'Nnrmn]s!ress:ﬁlkf‘n ......
L M
E 12 4 e S M
% 10
= i
8
5
o 84 Normal stress = 31 kEa
it
w
" Normal stress = 0 kPa

1 2 3
Shear deformation (1)

4 3

(a) Effect of normal stress on the direct shear test results

20

16 ,./
&
Ei 12 35°
a
3
78
‘.E
@

4

| Cn=0.67k
0 R -
0 10 20 30 40 50 60 70 80

Normal stress (kPa)
(b) Mohr-Coulomb failure curve of 2 mortar

Fig. 4. Typical direct shear results of a mortar sample (w/c = 0.35; s/c = 1, RS#30).

Since both Eq. (23) and the maximum shear stresses measured
by the direct shear tests of a mortar under different normal stres-
ses follow the format of the Mohr-Coulomb equation, the validity
of Eq. (23) is primarily proven. Thus, the prediction of Eq. (23) can
be compared with the experimental results obtained from the di-
rect shear tests, and the parameters in Eq. (23) can also be obtained
from the fitting of the test data. The features of the Mohr-Coulomb
curves of the designed mortars are further discussed in the remain-
ing parts of the paper.

4.2. Effect of cement paste rheological properties

Fig. 5 shows the Mohr-Coulomb curves of the mortar samples
made with the same aggregate volume fraction (s/c=1) and aver-
age particle size (#30) but different cement paste yield stress (,):
473.6, 205.2, and 148.4 Pa (0.069, 0.030, and 0.022 psi) (w/c: 0.35,
0.40, and 0.45, correspondingly). As observed in the figure, the
cohesion of a mortar (Cy;) increases as the yield stress of a cement
paste (7,) increases or the w/c of the cement paste decreases. This
indicates that a larger force is required to initiate a flow for a ce-
ment paste with a higher yield stress or lower w/c, which is consis-
tent with widely accepted knowledge [15]. However, the friction
angle () of the mortar has no significant change with the cement
pastes. This is also consistent with Eq. (17), which indicates that
the yield stress of a cement paste (7,,) influences only the cohesion
of a mortar.

4.3. Effect of aggregate content

Fig. 6 shows the Mohr-Coulomb curves for mortars made with
the same cement paste (w/c=0.45) and average aggregate size
(#30) but different aggregate volume fractions (s/c=1, 2, and 3).
The Mohr-Coulomb curves of mortars show that both the cohesion
(Cy) and internal friction angle (¢y) of the mortar increase with
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Fig. 5. Effect of cement paste on the maximum shear stress curves of a mortar.
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Fig. 6. Effect of aggregate content on the maximum shear stress curves of a mortar.

the increased s/c. As indicated in Eq. (6), increased aggregate vol-
ume (V,gg) in the mortar decreases the interparticle distance (S),
which is related to the local force concentrate angle (9) and prob-
ability parameters (P; and P,). Thus, both the cohesion (Cy;) and
internal friction angle (¢y,) of the mortar are influenced as illus-
trated in Egs. (20) and (21).

4.4. Effect of aggregate size

Fig. 7 shows the Mohr-Coulomb curves of the mortars made
with a given paste (w/c=0.45) and aggregate volume fraction (s/
¢ = 2) but different aggregate sizes. Fig. 7 illustrates that the mortar
made with larger aggregate has lower cohesion (Cy) and internal
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Fig. 7. Effect of aggregate size on the maximum shear stress curves of a mortar.

friction angle (¢u), which suggests that the mortar has higher
flowability. As indicated in Eq. (6), increased aggregate size (Dg)
in the mortar increases the interparticle distance (S), which sug-
gests that a thicker layer of cement paste is coated on the aggre-
gate particles of the mortar, thus, increasing mortar flowability.
This agrees with the common finding that a decrease in maximum
size of aggregate generally increases the water demand of the con-
crete for the same flowability [20].

It should be mentioned that Figs. 5-7 also indicate that the nor-
mal stress has significant effect on shear resistance of mortar, espe-
cially on that of the low flowable mortar. Therefore, in a rheology
test, the normal stress, which often results from the self weight
of the tested material above the shear zone and the lateral confine
stress from the boundary of container, should not be neglected.

4.5. Effect of the average interparticle distances (S) on relative shear
stresses (Cy/tp)

As mentioned previously, the distance between aggregate parti-
cles has significant effects on the cohesion (Cy;) and friction angle
(¢m) of the mortar. In the following two sections, these effects
are investigated in detail.

Fig. 8 shows the relationship between the average interparticle
distances (5 > 0) and the relative yield stress of mortar (Cy/p),
where S is calculated from Eq. (6); Cy is the shear stress of a mortar
at zero normal stress, also called the cohesion or “true” yield stress
of the mortar; and 7p is yield stress of the cement paste in the mor-
tar. It should be noted that the test data for S < 0 are not included
in this figure because they indicate that the volume of the cement
paste in the macro-unit of mortar is not enough to fill up the voids
among the aggregate particles. In this situation, the shear stress
resulting from the net cement paste of the mortar (typ) as ex-
pressed in Eq. (17) becomes negative. In an actual mortar, this
shear stress (typ) should not be negative; therefore, the mortar
having an average interparticle distance S >0 is assumed and
studied in the present study.

The best fitting curve of the test data presented in Fig. 8 is given
as Eq. (25) (R? = 0.8074):

Cu
Tp

=20-e700%65 L1 (R* =0.8074) (25)
where, S is in micrometer (pm).

Eq. (25) indicates that the relative yield stress (Cy/tp) decreases
with increased average interparticle distance (S) of a mortar. As
illustrated in Fig. 8, when S is approximately less than 300 um,
Cv/tp increases very rapidly. However, when S is larger than
300 pum, Cy/tp is converged to 1, which suggests that the yield
stress of the mortar is equal to the yield stress of the cement paste
in the mortar. This research finding is valuable for concrete prac-
tice. It suggests that when a mortar (such as a self-consolidating

grout) has a large average interparticle distance (S), the rheological
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Fig. 8. Effect of the mean interparticle distance on relative yield stress of mortar.
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properties of its cement paste would play a more important role in
controlling the mortar flowability. For a mortar with given cement
paste and aggregate size, gradation, and volume, friction can be ad-
justed in mix design to achieve a workable mortar or concrete.

4.6. Effect of the average interparticle distances (S) on relative friction
angles (¢ / agg)

Fig. 9 shows the relationship between the average interparticle
distances (S > 0) and relative friction angles of mortar (¢m/page),
where ¢y and ¢,g are measured from direct shear tests. The best
fitting curve of the test data is given as Eq. (26) (R? = 0.9505):

¢_M: e’°'°°5‘§ +0.1
¢agg

As illustrated in Fig. 9 and Eq. (26), the relative friction angle of a
mortar (¢um/dage) decreases steadily (in a hyperbolic logarithm
form) with increased interparticle distance (S) of the mortar. The
influence of the interparticle distance (S) on the relative mortar fric-
tion angle (¢um/¢age) is relatively less than that on the relative mor-

tar cohesion (Cy/7p).

(R* = 0.9505) (26)

4.7. Probability parameters and final shear stress model

Based on the discussions above, the two probability parameters,
P, = tf;jam (Eq. (21)) and P, = i—':' — 1 (Eq. (22)), should also corre-
late to the average interparticle distance (S). Fig. 10 shows the cor-
relation between % and average interparticle distance (S).
Comparing Fig. 9 and f‘gig. 10, it is found that the correlation be-
tween % and S is similar to that between ¢y/¢,, and S.
Through curve fitting, similar formula as Eq. (26) can be deter-

mined for 204w ag:

tan ggg

121
|

a0l < wie=0.35
5 i
§ K O wie=0.40
g 08¢ & wic=0.45
A
bl —Eq.26
25 061 L
=
ge
5 041
£ [
w021

0.0+

0 100 200 300 400 500 600 700 800
Mean interparticle distance, S (um)

Fig. 9. Effect of the mean interparticle distance on relative friction angle of mortar.
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Comparing Eq. (21) with Eq. (25), P, can be driven as bellows:

P, =20- o 0.0546+5 (28)

Submitting Eqgs. (27) and (28) into Eq. (24), the new shear stress
model for a fresh mortar can be finalized as:

Ty = (670%%5 1 0.1) - tan ¢y - G + (1+20-e7005%5) .7, (29)

Again, the average interparticle distance (S) is related to aggregate
size, gradation, and volume fraction and can be determined by Eq.
(6); and aggregate friction angle (¢a.gg) and yield stress of cement
paste (tp) are mortar material properties and can be determined
from experimental tests or other available models.

5. Conclusions

The shear behavior of fresh mortar was investigated using a
force balance model and a direct shear test. The following conclu-
sions can be made from the present investigation:

1. Both the newly developed shear stress model and the experi-
mental results from the direct shear tests illustrate that the
shear behavior of a mortar followed the Mohr-Coulomb equa-
tion. The newly developed model well simulates mortar shear
behavior.

2. According to the Mohr-Coulomb equation, the internal friction
angle (¢p) and cohesion (Cy) of a mortar can be determined.
The cohesion (Cy;) of a mortar is actually the maximum shear
resistance of the mortar at zero normal stress, or the “true” rhe-
ological yield stress of the mortar. Both the internal friction
angle (¢y) and cohesion (Cy) of a mortar greatly depend on
the average interparticle distance (S) of the mortar.

3. Aggregate parameters (size, gradation, and volume fraction)
determine the average interparticle distance (S) of a mortar,
and therefore they significantly influence the shear behavior
of the mortar.

4. The relative yield stress of the mortar (Cy/tp) decreases in an
inverse power form and the relative friction angle of a mortar
(¢m/pagg) decreases in a hyperbolic logarithm form with
increased interparticle distance (S) of the mortar. For mortar
having a large average interparticle distance (S) (generally, mor-
tar with a low aggregate volume fraction), the effects of aggre-
gate size and gradation on the mortar yield stress appear not
significant, while the effect of cement paste property becomes
substantial.

5. The normal stress has significant effect on the maximum shear
resistance of mortar, especially on that of the low flowable mor-
tar. As a result, in a rheology test, the normal stress, which often
results from the self weight of the tested material above the
shear zone and the lateral confine stress from the boundary of
container, should not be neglected.
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