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Abstract

in the triggering of undesirable shear modes of failure.

angle

The mix design of concrete is an important aspect that affects its strength and durability. This paper aims to revisit
the existing mix design method given in IS 10262:2019 through a capacity-based approach. The approach involves
identifying the possible failure modes in concrete and eliminating the undesirable ones leading to significant
reduction in dispersion. This is accomplished by utilizing coarse aggregates that meet a specific minimum strength
requirement or threshold (e.g., ~ 77 MPa for M95 grade of concrete), which is determined through a priori estimat-
ing the cohesion and friction angle of the concrete. The methodology to estimate the cohesion and friction angle
from a single unconfined compression test is proposed based on the Mohr—Coulomb theory and using the orienta-
tion of failure plane of fractured specimen as a supplemental information from the same experiment. This paper
also offers a simple and approximate test procedure to estimate the aggregate’s compressive strength (~ 106 MPa
in this mix design) reasonably which is essential for the capacity-based mix design. An experimental programme

is also carried out to design the concrete mix using the proposed capacity-based approach. The results indicate
that M95 concrete is achieved with a low standard deviation and coefficient of variation (~3%), falling in class

of excellent quality control as per ACI 214R-11. This quality control is crucial in seismic structural design as variations
in concrete strength is likely to negate the underlying principle of strong column-weak beam philosophy resulting

Keywords Mix design, High-strength concrete, Capacity-based approach, Quality control, Cohesion and friction

1 Introduction

Normal strength concrete (NSC) is typically defined with
the maximum 28-day compressive strength of approxi-
mately 40 MPa, and the associated mix design proce-
dure does not require any admixtures. Several significant
drawbacks, including low tensile strength, high brittle-
ness, low specific strength and low energy absorption
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during failure are recognized in NSC (Sohail et al., 2018).
Mix design procedures have now advanced significantly
with an emphasis on developing high-strength con-
crete (HSC), which is believed to offer advantages such
as reduced cross-sectional area and weight, and thereby
enhancing its seismic performance. This is typically des-
ignated as the concrete with 28-day compressive strength
exceeding 60 or 65 MPa (IS 10262, 2019; SP228, 2005).
HSC is often designed by reducing the nominal size of
the coarse aggregate to as low as 10 mm when targeting
a strength in the order of 60 MPa, or even without using
coarse aggregate when targeting strengths of 90 MPa or
higher. Supplementary cementitious materials (SCMs)
like silica fume (SF), metakaolin (MK), fly ash, ground
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granulated blast furnace slag, etc., are often added as
partial replacement of cement to reduce the porosity and
improve the interfacial transition zone (ITZ). Superplas-
ticizers are included to maintain the desired workability
for a specified duration with or without a retarder.

Strength of the hardened concrete can be improved in
several ways, for example, using partial replacement of
ordinary Portland cement (OPC) by mineral and chemi-
cal admixtures (Ldmmlein et al, 2019; Zhang et al,
2017), employing diverse types of aggregates (JoZzwiak-
Niedzwiedzka, 2005; Ma et al., 2019), addition of fibres
(Shen et al., 2020; Smarzewski, 2019; Xu et al., 2019; Yew
et al, 2015) as well as adopting different curing tech-
niques (Jiang et al., 2014; Tan & Zhu, 2017). Some of
them were reported to have positive effects on strength
enhancement of high-performance concrete (HPC),
while others had shown negative effects beyond a thresh-
old. This variability may be attributed to several factors
including the suitability of the selected raw materials
including the admixtures and SCMs. Conflicting infer-
ences were also reported about the possible synergis-
tic effects while using the ternary blend (Dushimimana
et al,, 2021).

MK and SF are two frequently utilized SCMs in high-
strength concrete and Table S1 in the supplement sum-
marizes several studies that investigated the effects of
MK, SE, and their combinations on cementitious sys-
tems. The optimal proportion for enhancing concrete
properties was typically reported as 10—-15% by weight
of cement when utilized as a binary blend in the mix-
ture. Using higher proportions might result in the loss
of strength (Dushimimana et al,, 2021). Several studies
reported higher compressive strength while using SF in
binary blend when compared with MK (Bilal et al., 2021;
Chen et al.,, 2020; Giineyisi et al., 2012), whereas several
other studies reported otherwise (Chu & Kwan, 2019;
Chu et al,, 2021; Giineyisi et al,, 2010, 2012; Poon et al.,
2006; Shah & Scott, 2021). Simultaneous use of SF and
MK in HSC hints around a possible synergistic effect
when compared with the binary blending. Nevertheless,
SF has traditionally been a preferred choice (over MK)
owing to its silica content of at least 85% and ultra-fine
particle size, which not only improves strength but also
enhances durability by reducing porosity and enhanc-
ing the quality of transition zones (Chu et al, 2021).
Other materials like ground granulated blast furnace slag
(GGBS) (Huynh et al., 2022; Piro et al., 2022), rice husk
ash (Safiuddin et al., 2010; Van et al., 2014), calcined clay
(Mo et al., 2022; Rossetti et al., 2021), limestone (Mo
et al, 2022; Rossetti et al., 2021), etc., are also used as
SCMs in high-strength concrete.

Further, the aggregate strength should not impede the
required strength development in HSC (Dushimimana
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et al.,, 2021); Shin et al,, 2019). Zhang and Islam (2012)
inferred crushing of aggregate regardless of the strength
surrounding matrix with the following observations: (i)
cracks propagated through the coarse aggregates limit-
ing the strength of the concrete to 70 MPa, and (ii) the
weaker coarse aggregates reached their limiting strength
and in turn, becoming the weakest link. Similar observa-
tions also hold in lightweight aggregate (LWA) concrete
(Ahmad & Chen, 2019; Bogas & Gomes, 2013; Kayali,
2008; Nepomuceno et al., 2018; Zhou et al., 1995). IS
10262 (2019) also recommends crushed stone aggregates
with a crushing value of not more than 22% in HSC. Shin
et al,, (2019) recommends aggregate strength greater
than the matrix strength in HSC. Hence, ensuring suf-
ficient strength of coarse aggregate is imperative in the
mix design of HSC.

Based on the limited review presented above, the cur-
rent concrete mix design frameworks lack proper control
over the potential failure modes despite some recom-
mendations on the quality control of the raw materi-
als. Uncertainty in the prediction of concrete strength
can alter the sequence of plastic hinge formation during
a seismic event, potentially leading to the undesirable
mode of brittle shear failure. This paper aims to propose a
methodology for better quality control by a) suppressing
(postponing) the undesirable aggregate failure mode and
b) preponing the mortar failure mode. This is because the
dispersion of the aggregate phase strength is envisioned
to be relatively higher than that of the mortar phase
as (i) aggregate is procured from natural sources that
involves aleatory and epistemic uncertainties; (ii) scope
of reducing the epistemic uncertainty is nearly zero as
it is used without any processing during the mix design;
(iii) strength of mortar can be controlled by deciding the
relative proportion of the constituents and hence, the
epistemic uncertainty in mortar phase strength can be
reduced significantly. Therefore, targeting weaker mor-
tar—stronger aggregate is likely to result in the minimum
dispersion of compressive strength of HSC. Quantitative
assessment of aggregate strength relevant to the concrete
mix design is also proposed in an approximate strength.
Assessment of the threshold aggregate strength to ensure
mortar failure requires estimation of Mohr—Coulomb
parameters of concrete. Further, concrete being a hetero-
geneous material leads to its property variations across
different cube samples even within the same batch. As
a result, ¢ — ¢ values estimated using different concrete
cube specimens are likely to be affected by the sample-
to-sample variability. This paper proposes a framework
for the estimation of these parameters using one single
unconfined compression test, which is something unique
when compared with the prior art. However, absence of
ITZ is a crucial assumption in this framework, which
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Fig. 1 Schematic representation of failure envelops for Mohr-Coulomb's theory

may not necessarily hold even in HSC. Nonetheless, the
utilization of supplementary cementitious materials and
a low water-to-cement ratio in HSC may significantly
improve the ITZ formation and thereby enabling the
application of proposed framework. This paper explores
SF and MK in ternary blend for the overall performance.
Finally, the mix design method recommended in IS 10262
(2019), is revisited in this paper through a perspective
of capacity-based approach resulting in some concrete
with low standard deviation in compressive strength and
thereby enhancement in quality control.

2 Parameters c-phi Using a Single Unconfined
Compression Test

Assuming that a homogeneous and isotropic material
that conforms to the Mohr—Coulomb failure theory, con-
sider two uniaxial compression tests, one without any
confinement and the other at a confining pressure Pyc.
Mohr—Coulomb failure envelops along with the Mohr
circles are shown in Fig. 1. The confined compressive
strength (owc) can be expressed as:

14 sing cos ¢
=P _— 2 ——— IS
owe NC(I—sin¢>+ C(l—sinqb)

Here, ¢ — ¢ denote the cohesion and angle of internal
friction. Associated normal and shear stresses at the fail-
ure plane are given by:

(1)

owC . Pnc .
af;VC = T(l —sing) + T(l + sin ¢),

wc _ [ owc — Pnc
Ty = <2> cos ¢.

(2)

Next, the unconfined compression test is considered
and let onc be the unconfined compressive strength.
Associated normal and shear stresses at the failure plane
are given by:

ONC .
o = S =)
3)
rgc = UNTC cos ¢.

Utilizing both the results, friction angle may be
expressed as:

wac _ Tch
tan¢ = e/ (4)
T fp

Utilizing Eq. (2) and Eq. (3) in Eq. (4), one may write

owC — ONC 1+ sing

Pne 1 —sing’ -
¢ = 2tan ! gwe ZONC| _ T ©
Pne 2

Using the friction angle from Eq. (5), the cohesion can
be estimated using the unconfined compressive strength
as follows:

__NC NC __ ONC 1—sing
C = Tfp _Gfp tan¢ = 2<Cos¢)> (6)
First part of Eq. (5) may be rearranged of the form

1 —sing _
cos ¢ -

Pnc

(7)

OwC — ONC

Finally, substituting Eq. (7) in Eq. (6), one may express
the cohesion as:

_onc (1—sing\  onc

) cos¢p ) 2
If one unconfined and one confined compression tests
are performed, second part of Eq. (8) may be used for

the computation of cohesion. However, the first part
of Eq. (8) may be used if it is possible to estimate the

Pnc
owc — ONC
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Fig. 2 Representation of fractured cube specimen with exposed
failure plane

friction angle from the unconfined compression test. As
evident from Fig. 1, the orientation of the failure plane
is not influenced by the presence of confining pressure,
i.e. awc = anc. Here, the angle o is measured in coun-
terclockwise direction with respect to the major princi-
pal plane, which is horizontal in a typical compression
test. Therefore, the friction angle can be estimated after
observing the orientation anc of the fractured uncon-
fined test sample. Fig. 2 presents the sample illustration
for a typical cube specimen and one may write

b
¢ =2anc —

 (Fzacsl) o

4 — -2

Note that orientation of the failure plane with respect
to both top and bottom horizontal planes are same but
opposite in sense. It is proposed to consider average of
these two orientations (without sign) when extrapolat-
ing the unconfined compression test results for a mate-
rial that does not strictly follow Mohr—Coulomb theory.
Therefore, it may be possible to determine ¢ — ¢ using
one unconfined compression test by i) noting the fail-
ure load / stress; and ii) approximately identifying the
orientation of failure plane with respect to the horizon-
tal plane. Further details on this procedure are reported
elsewhere (Sharma, 2024).

2.1 At Failure of Unconfined Compression Test

Once ¢ — ¢ are estimated, normal and shear stresses at
the failure plane may be calculated using Eq. (3). Further,
the shear strength at the failure plane is also given by:

tjz;[c =c+ ofgc tan ¢. (10)

In other words, when the load is progressively increased
on the specimen, shear stress at the failure plane will
reach to ¢ at some point of time denoting the breaking
of cohesion. At this stage, tan ¢ acts as the friction coef-
ficient on the sliding interface until the shear strength at
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the interface / failure plane, i.e. the compressive strength
on the horizontal plane is reached. Substituting the first
part of Eq. (8) and Eq. (3) into Eq. (10), one may show
the shear strength is given by the second part of Eq. (3).
This is readily evident from the Mohr—Coulomb failure
envelop also (Fig. 3).

2.2 Comparison at Loss of Cohesion and at Failure
of Unconfined Compression Test
Fig. 3 enables the comparison of two states, namely, (i)
loss of cohesion and (ii) failure. Let ocy be the applied
vertical stress at which cohesion is lost on the failure
plane and in that case,
__ OcH

¢ = ——coso.

5 (11)

The associated normal stress on the failure plane is
given by:

NC _ 9CH
Gfp,CH - 2

(1—sing). (12)

Further, using Mohr—Coulomb envelop, the shear
strength (at failure) is given as:
NC ONC

Ty = agctanqb +c¢= —cos .

) (13)

Now, equating Eq. (11) and first part of Eq. (8), one may
write
1—sing

T Tcostg (14)

OCH
ONC

The required step-by-step procedure may be summa-
rized as follows:

(1) Observe the compressive strength onc; (2) observe
the failure plane and identify anc; (3) compute the shear
angle ¢ using Eq. (9); (4) compute the cohesion ¢ using

A
e NC
(Gﬂ’ cH* Tﬁ’.CH)

ANC NC
(o, )

A 4

Fig. 3 Estimation of C-¢ for cube specimen using one unconfined
test
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onc and ¢ in the first part of Eq. (8); (5) compute the
vertical stress at which the cohesion is lost, ocy, using
Eq. (14).

The framework presented above applies to a homog-
enous and isotropic material that conform to Mohr—
Coulomb failure theory. The same procedure may be
extended to mortar and concrete cube (provided ITZ is
absent). It may also be extended to coarse aggregates if it
is possible to perform compression test on a single speci-
men of aggregate. Since the aggregate is brittle in nature,
friction angle (@,g) may however be approximated as
zero and the entire shear strength (z,4) is given by its
cohesion, cg:

Gagg
Ty = NC o
& 2 &z (15)
Pagg = 0.

Here, ore denotes the observed compressive strength.
In such a case, confinement does not improve the shear
strength (Fig. 4).

Tagg ﬂ

S
> Ouge

o

agg age

Ope =0y they

-
Pey Oye

Fig. 4 Schematic representation of aggregate confined by hardened
mortar
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Fig. 5 Load transfer mechanism in concrete matrix

(b) Shear Force Transfer
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3 Capacity-Based Mix Design for High-Strength
Concrete

Owing to the random distribution and orientation of the
coarse aggregates, the resulting load transfer (prior to the
loss of cohesion) may be considered as direct compres-
sion or pure shear or a combination of the two (Fig. 5).
Five possible failure modes may exist, namely, compres-
sion- and shear-failure of coarse aggregate- and mortar-
phase and interfacial transition zone (ITZ). Clubbing
these modes of failure, concrete is considered as three-
phased, namely, aggregate phase, mortar phase and ITZ.
The aim is to achieve the lowest possible dispersion, given
the target strength, and the principle proposed for that is
to ensure one failure mode with the highest control.

ITZ is primarily formed due to two effects: first, the for-
mation of water-filled spaces around the aggregates in the
fresh mix; and second, the “wall effect” which prevents
effective filling of the space adjacent to coarse aggregates.
As a result, the space around the aggregates is ineffec-
tively filled with hydration products and becomes less
dense when compared with the bulk paste (i.e. mortar
phase). However, in case of HSC, these factors become
less significant due to the relatively little difference in the
microstructural gradient near coarse aggregate in com-
parison to the bulk paste. This is typically the case in HSC
with w/c ratio less than 0.4. Reduced nominal size of the
coarse aggregates in HSC also weakens the significance of
the “wall effect” Adding mineral admixtures such as silica
fume (SF), metakaolin (MK), etc., also results in a denser
and homogenous structure near the coarse aggregate sur-
face, similar to that of the bulk paste/mortar phase. Given
this understanding, ITZ is not considered in this paper,
and the capacity-based principle is hypothesized solely
on the existence of mortar and aggregate phases.

Any of these two possible candidates can be set to gov-
ern the compressive strength of concrete by carefully
selecting the aggregate and designing the mortar paste.

(a) Axial Force Transfer u
Mortar
T
+ Transition Zone
8 B __—Transition Zone
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The resulting dispersion in the compressive strength of
concrete is contingent on that of both the aggregate and
mortar phase strength. However, the primary contributor
is the dispersion of the lower strength that controls the
failure of concrete. For example, if the aggregate is weaker
than mortar, the dispersion of compressive strength of
concrete will be governed by that of the aggregate phase
strength and vice-versa.

Dispersion of the aggregate phase strength is expected
to be relatively higher than that of the mortar phase due
to i) various uncertainties in the natural sources and ii)
the limited scope of reducing the epistemic uncertainty
during mix design (as it is used without any processing).
However, the strength of the mortar can be controlled
by deciding the relative proportion of the constituents,
which significantly reduces the associated epistemic
uncertainty. Therefore, targeting weaker mortar—stronger
aggregate is the underlying principle of the proposed
capacity-based mix design.

3.1 Failure Modes of Concrete Cubes Under Uniaxial
Compression

In the absence of ITZ in high-strength concrete, which is
a general expectation in the state-of-the art, two differ-
ent modes of failure (if successfully designed) are hypoth-
esized in this paper, namely, A: aggregate failure wherein
mortar remains uncracked while aggregate initiates shear
failure and M: mortar failure wherein mortar initiates
cracking while aggregate remains intact. A mixed mode
of failure ‘AM’ is also expected if not designed properly.
Both the failure modes (A and M) with some expected
behaviours are briefly discussed below.

3.1.1 Failure Mode A: Aggregate Shear Failure

Let this failure mode of concrete (Fig. 6) be defined
as Cafim — Pasm (cohesion and shear angle, respec-
tively). Cohesion of concrete is lost due to shear fail-
ure of a%regate and let the experimental observations

be, i) oy =vertical strength/stress at failure and ii)

aAfim (71 / 4 < gifm < g / 2)=orientation of the failure
plane. One may write:

b4 b4 T
Dafim = 204 5 (Z <o < §>, (16)
créflﬂ _ 1 — sin ¢upm 17
o = "o g
Af .
Cap = UNCm 1 — sin ¢afn (18)
i 2 COS Pafn ’
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Fig. 6 Aggregate failure mode (crack going through aggregates)—
adapted from Zhang and Islam (2012)

Afm
Afim ¢ COS Pafin- (19)

INC

A
= UNgM tan d)Afm + CAfm =

Since the cohesion of concrete is lost due to shear fail-
ure of aggregate, c45, ~ Cqg and afterwards, mortar offers
considerable resistance until the shear failure of concrete
cube leading to ¢afy, >> ¢agg ~ 0. In absence of ITZ, the
aggregates may also be assumed as confined by the hard-
ened mortar in concrete cubes. Since ¢4 A 0, such con-
finement does not increase the shear strength (Fig. 4).

3.1.2 Failure Mode M: Mortar Shear Failure

Let this failure mode of concrete be defined as
cmpm — Pumpn (Fig. 7). Cracks propagating through mor-
tar is clearly evident from zoomed in view. Cohesion of
concrete is lost due to shear failure of mortar and let the
experimental observations be: i) GAA[/gm =vertical strength /

stress at failure and ii) o/ (JT / 4 < MM < 7 / 2)=ori-
entation of the failure plane. One may write:

— oM _ T (T Mpn T
Pmpin = 2a 2 (4 o < 2), (20)
ag{ﬂ” _ 1 — sin ¢pgpm 1)
M~ o5 g
c _ GAA[/gm 1 — sin ¢pgfm (22)
Mfm = 2 COS Pptfin ’

” " GMfm
rNgm = aNgm tan dprn + Crvpn = COS Pptfin-

(23)
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Since the cohesion of concrete is lost due to shear

failure of mortar, CMfm = Cmor and afterwards, aggre-
gate offers considerable resistance in addition to the
frictional resistance of mortar until the shear failure of
concrete cube leading to darsm > Gmor-

While enforcing and targeting the mortar failure
mode, the loss of cohesion in concrete should be ini-
tiated owing to that of the mortar. In other words,
cohesion of aggregate should not fall below a cer-
tain threshold, c4gg min Wwhich must be higher than the
cohesion of mortar, ¢,,,,. Hence, the mortar should be
designed conforming to the target compressive strength
of concrete and aggregate selection should comply with
the requirement c,g > Cygg| min > CMfin & Cmor- Further,
initiation of the loss of cohesion due to that of mortar
does not itself guarantee the occurrence of mortar fail-
ure mode. In order to ensure the same, the necessary
condition is that the shear strength of aggregate must
not be less than that of mortar failure mode of con-
crete. In other words,

Mfm

agg
T =c = INC >erm I\ cos ¢ =0
age | = Cagg = T NC | T T Mfim

1. Perform compressive strength of coarse aggregate
per Section S2 and select the batch conforming to the
threshold given by Eq. (24).

2. Compute the target mean strength using 50% of the

recommended dispersion with the target character-
istic strength and perform the standard mix design
process to arrive at the quantities of ingredients.

3. Excluding the coarse aggregates (with some adjust-
ment in the water content for maintaining fluidity of
the mix) and using different combinations/propor-
tions of SCMs, estimate the 3-sample mean compres-
sive strength of standard (70.6 mm as per IS 4031-P6,
1988) mortar cubes. The combination/proportion
leading to maximum mortar strength is selected as
the optimum to proceed further.

4. Accept the mix design if the mean mortar strength

with optimum replacement of SCMs is~90% of the
target mean compressive strength of concrete. The
mortar phase strength is expected to increase further
with the inclusion of coarse aggregate through effect
of confinement over non-zero friction angle.

a,
NC

LS GAA[/gm COS Pptfim- (24)

Further details on this threshold are reported else-
where (Sharma, 2024).

4 Proposed Mix Design Procedure

Drawing on the hypothesis and principle presented in
the supplement (Section S3), a general framework for
the capacity-based approach is proposed here that pri-
marily incorporates several pre- and post-processing
steps within the traditional mix design process. The
associated flowchart is also presented in Fig. 8.

5. If the mean strength of mortar phase is far below
the target mean strength of concrete, reduce the w/b
ratio and repeat the whole process until the required
mean strength is achieved. One should ideally work
out a new optimum proportion of SCMs at this stage,
which however, is expected to be a plateau (schemat-
ically) rather than a sharp peak. Therefore, for sim-
plicity, one can work with the same optimum combi-
nation of SCMs if w/b ratio is slightly altered.
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6. Add coarse aggregates to prepare the concrete 7. Once the strength is achieved, change the water con-
mix once the desired strength of mortar phase is tent according to the slump required and adjust the
achieved. This may introduce additional voids which fluidity of concrete.

can be filled up by increasing the water content/paste

content and/or filler content. Several trials must be 5 Experimental Programme

performed by increasing the water content and alter- 5.1 Raw Materials

ing the SCM proportion until the target strength  5.1.7 Cement

is achieved. The percentage of SCMs in concrete =~ OPC grade 53 conforming to IS 269:2015 is used
should be chosen higher than that of mortar (known  throughout the study. The specific gravity and fineness of
from step-3) and in that case, the resulting concrete  the cement are computed as 3.12 and 281 m?/kg, respec-
strength is always expected to be higher than its mor-  tively. The chemical composition of cement is presented
tar phase (Hypothesis 3/4). in Table 1.

Table 1 Chemical composition of cement, silica fume and metakaolin

Binder Percent by weight
Ca0 sio, AlLO, Fe,0, Na,O K,0 TiO, MgO

Cement 61.76 21.46 4.30 4.04 152 0.61 0.38 530
Metakaolin 0.39 96.88 0.56 0.06 1.35 0.08
Silica fume - >85 - - - - - -

e = o e e e e e e e e e = ——— =

Target mean .

| strength Selection of coarse ' /E\ [ Pre-processing ]

| fin = fu + ko aggregate (C.A.) ! E

1 k#0 I '

| C e m e mmm o | — i

(remove C.A) Adjust the water
content, if required

Follow Conventional mix- SF"/ol 2 | 5 |10|15] 20] 25 | 3(||
design: Find initial ingredients

T 1 |

Optimization of filler content for
(reduce w/b mortar (at fixed w/b ratio): Based |
ratio) on maximum compressive strength

Mortar Compressive
strength % 0.90 x
Target strength

(add C.A)

1
_ I
I
I
Optimization of filler content for 1 /‘/
1

concrete (at fixed w/b ratio): — SF%
Based on maximum compressive - T

strength

I
vk 5 10 15 20 25 30

H
%,

\
\

//‘
{ Target Strength w
\ achieved y,

—

| Bulk Casting for Characteristic Strength ’

30025 2015 10 5 2

Fig. 8 Flowchart for the capacity-based mix design framework
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Table 2 Manufacturer’s specifications for silica fume and
metakaolin

Specific Bulk density (kg/ Average
gravity m3) particle size
(pm)
Silica fume 22 395 1.5-2.5
Metakaolin 25 300 1.5

5.1.2 Supplementary Cementitious Materials (SCMs)

SF and MK, procured from a local vendor, are used as
SCMs through partial replacement of cement. Chemical
composition and manufacturer specifications are pre-
sented in Tables 1 and 2, respectively. The particle size
distribution is determined by the laser diffraction parti-
cle size analyser (Fig. 9). The D10, D50 and D90 of SF are
found to be 1.09, 10.57, 27.05 microns, respectively. This
larger particle size indicated in the distribution curve is
due to the agglomeration of very fine particles. Since as-
produced SF offers ample challenges while handling, it is
generally supplied in the dry densified form. An efficient
superplasticizer is required to disperse and deflocculate
the agglomerated silica fume particles during mixing.
The abrasive action of aggregates during mixing also
helps in the deflocculation of SF particles. Similarly, D10,
D50 and D90 of MK are 1.08, 21.93 and 48.92 microns,
respectively. Observation of SEM images (Fig. 10) indi-
cates that SF particles show a spherical morphology with
smooth surface texture while MK displays an assemblage
of hexagonal and irregular shapes.

5.1.3 Fine Aggregate

River sand conforming to the grading zone II of IS 383:2016
is used as fine aggregate. Figure 9 presents the particle size
distribution of river sand used in this paper. The water
absorption, specific gravity and fineness modulus of the river
sand are determined through tests conforming to applicable
IS codes and noted as 2.62, 0.51 and 2.76, respectively.

5.1.4 Coarse Aggregate

Crushed gravel with a nominal maximum size of
12.5 mm is procured from 4 different local vendors fol-
lowed by sieving. The aggregates retained in 12.5 mm
sieve are discarded from further consideration. The com-
pression test is conducted as discussed in the supplement
(Section S2) followed by the construction of average
stress—strain plots for each of the four sample sets. The
results are summarized in Fig. 11. Vendor 1 appears to
be the best and is selected based on dual criteria: aver-
age compressive stress at the end of the test (50% nor-
malized displacement per Section S2) and the associated
dispersion. Higher average stress with lower dispersion
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Fig. 9 Particle size distribution of silica fume, metakaolin and sand

is an indicator of better quality. The average compres-
sive strength of the aggregate from Vendor 1 is around
106 MPa.

M95 grade of concrete (characteristic strength ~95 MPa)
is considered for the implementation of proposed capac-
ity-based mix design. Indian Standard recommends a
dispersion of 6 MPa for M80 (expected to increase for
M95) and 50% of that is considered here as the proposed
framework is aimed to deliver improved quality of con-
crete. The target mean strength is 9541.65X3~100 MPa
and UAA,/gm = 100 MPa is considered in Eq. (24). However,

®ppm required at this stage is not known and a lower bound
dpmpm ~ Gmor may suffice for the estimation of threshold
aggregate strength. This lower bound may be considered as
¢Mfm X Qmor-

Contingent on the mean target strength of 100 MPa,
the w/b ratio of 0.28 is adopted and the mix design is
carried out using standard procedure. Removing the
coarse aggregates, 70.6 mm cubes are cast for mortar
phase and the estimation of ¢,,,. Three mortar phase
mixes of water content 202 kg/m? 180 kg/m® and
160 kg/m? are prepared and three cubes from each mix
are tested at 7 and 14 days age. Friction angles for mor-
tar cubes are estimated in the range of 50 ~ 55 degrees
at 7 days and 40 ~50 degrees at 14 days. Prima facie
here is an estimate of ¢, at 28 days. Owing to this
arguably decreasing trend towards the matured state
(that might also be contributed from the development
of cohesion and requires further study) and ¢y is
assumed in an average sense as 40 degrees. The thresh-
old compressive strength of aggregate is computed per
Eq. (24) as~77 MPa and clearly, the selected aggregate
(~106 MPa) qualifies. The specific gravity and water
absorption are further determined as per IS 2386:1963
part III and noted as 2.82 and 1.5%, respectively.

5.1.5 Water and Superplasticizer
Potable tap water available in the laboratory is
used for mixing. Polycarboxylic-ether (PCE) based
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superplasticizer (conforming to IS 9103:1999) manu-
factured by BASF with a solid content of 36% is used
@1.31% (liquid dosage) by weight of binder content in
all the mixes. The other details about the superplasti-
cizer are available elsewhere (Mushtaq et al., 2022).

5.2 Mix Proportions

Associated with the target mean strength of 100 MPa
for M95 concrete, w/b ratio of 0.28 is adopted and the
mix design is carried out to arrive at the initial quanti-
ties. Varying combinations of SF and MK are used as a
partial replacement of cement up to 15% (Table 3) and
the optimum combination is worked out in the mortar
phase by removing the coarse aggregate from the mix
design. The w/b ratio is further reduced to 0.25 and 0.23
in the subsequent trials as the target mean strength of
mortar phase (~0.9%x100=90 MPa) was not achieved.
Once the required strength in mortar phase is achieved
with w/b ratio of 0.23, coarse aggregate is added back to
design the concrete mix (using the same optimum com-
bination of SF and MK as obtained in mortar phase).
Two concrete mixes are designed; first without any
change in the water content, i.e. 190 kg/m? and next by
increasing the water content/paste content (208 kg/m?)
to overcome the additional voids created due to coarse
aggregate. Further, different combinations of SF and

Table 3 Mix proportions of concrete
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MK, but subjected to two constraints, are used in con-
crete while targeting the mean compressive strength.
Higher SF content than MK refers to the first con-
straint and the rationale of which is discussed later in
this section. The second constraint is to adopt higher
SF-MK content than the optimum replacement level at
the mortar phase with the same w/b ratio of 0.23. This
is an important step as discussed in hypothesis 4 (Sec-
tion S3 in the supplement) to ensure higher concrete
strength as compared to that of its mortar phase. Once
the optimum combination of SF and MK in concrete at
w/b ratio of 0.23 is determined, the same composition
is selected as the final mix for bulk casting to assess
the characteristic compressive strength and the associ-
ated dispersion. Additionally, the same combination of
SF and MK is also studied at 0.25 w/b ratio for a com-
parative assessment of the underlying conservativeness
involved in the proposed capacity-based mix design.
The mix proportions for different concrete mixes used
in this study are presented in Table 3, whereas the asso-
ciated nomenclature is defined below.

5.2.1 Designation of the Mixes
The concrete mixes are designated as C-SXMY-Q-R.
Here ‘S and ‘M’ denote silica fume and metakaolin,

Mix SF (%) MK (%) w/c ratio Mix proportions (kg/m3)
Cement SF MK sand Coarse Water Superplasticizer
aggregate (solid)
w/b=0.28
CC-0.28-165 0 0 0.28 590 0 0 657 1070 165 28
C-S5M5-0.28-165 5 5 0.28 530 30 30 644 1070 165 2.8
C-S7M5-0.28-165 7 5 0.28 519 41 30 641 1070 165 2.8
C-S10M5-0.28-165 10 5 0.28 501 59 30 637 1070 165 28
C-S5M7-0.28-165 5 7 0.28 519 30 41 641 1070 165 2.8
C-S5M10-0.28-165 5 10 0.28 501 30 59 637 1070 165 28
C-S7M7-0.28-165 7 7 0.28 508 41 41 639 1070 165 28
w/b=0.25
C-S7M7-0.25-190 7 7 0.25 654 53 53 425 1070 190 361
C-S7M7-0.25-208 7 0.25 714 58 58 596 784 208 3.94
C-S10M7.5-0.25-205 10 75 0.25 676 82 62 600 790 205 390
w/b=023
C-S7M7-0.23-210 7 7 0.23 782 64 64 557 745 210 432
C-S10M8.5-0.23-210 10 8.5 0.23 742 91 71 553 739 210 432
C-S10M7.5-0.23-210 10 7.5 0.23 751 91 68 554 740 210 432
C-S8.5M7.5-0.23-210 8.5 75 0.23 765 77 68 555 742 210 432
C-58.5M8.5-0.23-210 85 85 0.23 756 77 77 554 741 210 432
C-S7.5M7.5-0.23-210 7.5 7.5 023 774 68 68 556 743 210 432
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respectively, with ‘X’ and ‘Y’ as their respective replace-
ment levels in percentage. ‘Q” and ‘R’ indicate the w/b
ratio and water content, respectively, used in the mix.
For example, C-S7M5-0.28-165 indicates a concrete mix
consisting of 7 and 5% replacement levels for SF and MK,
respectively. The w/b ratio for the mix is 0.28, whereas
the water content is 165 kg/m?. The same nomenclature
is also used for mortar but with ‘C’ replaced by ‘M!

5.2.2 Rationale Behind Using Higher SF Content than MK

There have been conflicting inferences on the effective-
ness of using SF-MK as ternary blends to increase the
strength of concrete. Nevertheless, SF is more commonly
used as an SCM in HSC and expected to react faster
during the early stages due to its ultra-fine particles and
high pozzolanic activity. A larger amount of SF when
compared with MK is also required to weaken the sig-
nificance of the "wall effect" and thereby improving the
ITZ. It is also observed during the preliminary trials that
the mixes with higher SF content exhibit greater strength
than those with higher MK content. Hence, in all subse-
quent trials SF content is kept higher than that of MK.

5.3 Testing Procedure

Testing programme consists of (i) compressive strength of
coarse aggregate (Section S2 in the supplement) to assess
its suitability for use in M 95 concrete and (ii) compres-
sive strength of concrete and mortar phase. Compression
testing machine (CTM) of 3000 kN capacity at a strain
rate of 1 mm/mm is used for this assessment. A total of
9 cubes of concrete as well as its mortar phase are cast
for each mix and tested at 7, 14 and 28 days. Details on
mixing, casting and curing are presented in the supple-
ment (Section S4). At the completion of the curing age,
the specimens are taken out of the curing tank, allowed
to air dry for about an hour and placed within the CTM
for testing. The average of 3 specimens is reported as the
achieved mean strength of the mix.

6 Results and Discussion
6.1 Achieving Strength and Finding the Optimum
Combination in the Mortar Phase

Fig. 12 shows significant improvement in average mor-
tar compressive strength (at w/b ratio of 0.28) for all the
mixes containing SF and MK as compared to the mortar
phase of control concrete (CC-0.28-165) at 14 days. How-
ever, only the mixes M-S5M7-0.28-165 and M-S7M7-
0.28-165 show around 6% and 14%, respectively, increase
whereas the strength of other mixes remains nearly
the same when compared with the control concrete at
28 days. The maximum 3-sample average strength is
observed in the mix M-S7M7-0.28-165 (~83 MPa). The
maximum individual strength of 92 MPa is also observed
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Fig. 12 Compressive strength results for mortar phase with different
combinations of SF and MK

in this mix. The same mix is further explored at lower
w/b ratio of 0.25 with a modified water content of 190 kg/
m?® to improve the mean strength (Fig. 12). A 3-sample
average strength of around 88 MPa is achieved, which is
again slightly lower than the required 90 MPa. Appar-
ently, another trial is required with somewhat lower w/b
ratio, say 0.23 followed by an assessment of the strength
in mortar phase. However, the desired mortar strength is
assumed to be achieved with w/b ratio of 0.23 (owing to
the small difference) and the mix design is proceeded to
the next step (without further assessment of the mortar)
for the assessment of compressive strength of concrete.
Nevertheless, the compressive strength results with 0.23
w/b ratio are shown in Sect. 7 for both mortar phase and
concrete.

6.2 Compressive Strength in Concrete

The mix C-S7M7-0.25-190, representing the concrete
prepared by adding the coarse aggregate to its mortar
phase (Sect. 5.1) without any adjustment in the paste/
water content, shows a significant reduction in the com-
pressive strength: 15% and 13% reduction at 14 days
and 28 days, respectively. Here, the comparison is car-
ried out between the results of M-S7M7-0.25-190 and
C-S7M7-0.25-190 at 14 days and 28 days. This reduction
in the compressive strength is attributed to the probable
increase in voids content or disturbances in the packing
of already optimized mortar phase due to the inclusion
of coarse aggregates. Once the water content is increased
to 208 kg/m? the compressive strength in concrete
approaches to its mortar phase strength (~88 MPa at
28 days). Hence, inclusion of coarse aggregates in mortar
demands an increase in the paste content to fill the pos-
sible additional voids. The compressive strength of result-
ing concrete should approach that of the mortar or even
surpass it in absence of ITZ (Fig. 13). Finally, the result-
ing compressive strength from the mix C-S7M7-0.23-210
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combinations of SF and MK

(SEF-MK content is not changed at this stage) are noted as
77.5, 85 and 92.9 MPa at 7, 14 and 28 days, respectively.
The average 28-day strength achieved is very close but
somewhat less than the target mean strength of 100 MPa.
This will be achieved by improving only the SE-MK con-
tent (at the same w/b ratio of 0.23).

6.3 Optimizing the SF and MK Combination in Concrete

Several replacement levels of SE-MK above S7TM7 at w/b
ratio of 0.23 with water content of 210 kg/m? are tried
and the 3-sample average strengths are compared in
Fig. 14. The mix C-S10M7.5-0.23-210 leads to a maxi-
mum 3-sample average concrete strength of 95 MPa.
The same mix also shows the least variation in concrete
strength when compared with all other mixes. It is also
interesting to note that 3-sample average strength does
not fall below 90 MPa regardless of the replacement
level of SF and MK. Fig. 15 compares 3-sample average
mortar phase strength against the resulting compres-
sive strength of concrete. When the replacement level
of SF and MK is near the optimum level of mortar phase
(§7M7), the resulting 28-day concrete strength is close
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to that of the mortar phase (Fig. 15a). As the replace-
ment level is increased up to 10% SF and 7.5% MK, the
strength of concrete increases nominally but that of
mortar phase reduces substantially (Fig. 15b—d), which
is intended. Further increase in the replacement level
apparently reduces the concrete strength at 28 days.
As the maximum strength (though slightly lower than
the target mean strength, 95 MPa against 100 MPa)
along with the least variation is obtained in the mix
C-S10M7.5-0.23-210, this composition is selected as the
final mix for bulk casting to study the dispersion and the
characteristic compressive strength. In addition, the bulk
casting are also carried out for this replacement level at
w/b ratio of 0.25 for assessing the dispersion and under-
lying conservativeness.

6.4 Bulk Casting

Statistical inferences are generally asymptotically unbi-
ased. Aleatory variables are generally assumed to be
normally distributed. Parameter estimation such as esti-
mation of statistical expectation (mean) and variance
(square of dispersion) from the observed realization
requires sufficiently large sample space, if not infinite.
Typically, a minimum of 30 specimens should be cast to
estimate the dispersion/standard deviation and hence,
the characteristic strength of concrete. The available
concrete mixer enables the casting of maximum 10 cube
specimens in one batch. Hence, the construction of a
sample space of 30 specimens is likely to introduce the
batch-to-batch variability in the estimation of parame-
ters. Nevertheless, only 20 samples are used in this paper
for estimating the bulk characteristics. The bulk casting
is carried out in two batches, namely BC1 and BC2. Each
batch consists of 10 cube specimens.

The 28-day compressive strength results are presented
in Fig. 16 and also in Table 4. Fig. 16a—c presents the
results for w/b ratio 0.23. Batch-1 leads to the character-
istic strength of 96.3 MPa with a standard deviation and
coefficient of variation as 2.8 MPa and 2.8%, respectively
(Fig. 16a). Batch-2 results in a characteristic strength of
95.11 MPa with a standard deviation of 1.86 MPa and
coefficient of variation as 1.9% (Fig. 16b). Clearly, the
individual batches do not exhibit the expected normal
distribution owing to the inadequate sample size (10
specimens). Fig. 16¢ presents the histogram for the com-
bined 20 samples from two batches that relatively bet-
ter resembles to the normal distribution. The resulting
characteristic strength is noted as~95 MPa with stand-
ard deviation and coefficient of variation as 2.74 MPa
and 2.75%, respectively. Clearly, the target M95 concrete
is achieved with overall coefficient of variation as 2.75%
which falls in the class of excellent quality control as per
the control standards given in ACI 214R-11: The class of
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Fig. 15 Comparison of compressive strength results of concrete and the corresponding mortar phase

operation is classified as excellent if the coefficient of var-
iation is below 3.5% for concrete with cylinder character-
istic strength greater than 35 MPa (~ cube characteristic
strength exceeding 44 MPa). The resulting standard devi-
ation is expected to be further reduced if larger mixer is
used enabling all 20 specimens from the same batch and
thereby eliminating the batch-to-batch variability.

Similar results are presented in Fig. 16d-f for the
w/b ratio of 0.25. The resulting characteristic strength
is 90.6 MPa with a standard deviation and coefficient
of variation as 3 MPa and 3.15% (< 3.5), respectively
(BC). It must be noted that C-S10M7.5-0.25-205 mix
does not represent the appropriate finer content (but
close to it!) for w/b ratio of 0.25 conforming to the
proposed capacity-based framework. These results
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are included here to demonstrate the underlying con-
servatism involved in the mix design of M95 concrete
using the proposed framework. Further, the resulting
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low dispersion again supports the claim of excellent
quality control in the proposed capacity-based mix
design.
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Table 4 Compressive strength results for bulk casting at 28 days

w/b 0.23 0.25

Batch BC1 BC2 BC1 BC2

28-day compressive 101.1 1011 98.6 96.07

strength (MPa) 955 98.8 982 933
99.8 97.2 94.5 93.1
102.8 97 102.7 91.2
104.7 96.6 96.2 93
99.7 98.8 979 96.8
104.9 100.3 95.1 92
994 96.1 96.8 914
994 959 949 94
1024 99.9 100.7 95.7

Mean (MPa) 100.97 98.17 97.56 93.66

St. Dev. (MPa) 2.84 1.86 2.64 1.96

fo (MPa) 96.3 95.11 93.22 9043

COV (%) 2.8 19 27 2.1

Overall mean (MPa) 99.57 95.6

Overall St. Dev. (MPa) 274 3.02

Overall COV (%) 2.75 3.15

Overall f (MPa) 95.06 90.64

7 Mix Design by IS 10262:2019

While performing mix design for M95 concrete con-
forming to IS 10262:2019, the recommended w/b ratio
may be worked out as 0.25. The SF-MK replacement
considered here is same as that resulted from the pro-
posed capacity-based mix design, i.e. SI0M7.5. Result-
ing mix proportions are shown in Table 5. Three
batches of 10 samples are cast and the resulting 28-day
compressive strengths are shown in Table 6. The coef-
ficient of variation is found to be less than 3.5% (2.5%)
as earlier, with a characteristic strength of 90.9 MPa.
The strength of mortar phase is also determined and
interestingly found to be less than that of concrete, as
expected. The average 28-day compressive strength of
the mortar phase is observed to be 77 MPa (details are
not shown here for the brevity).

This apparent resemblance of mix design recom-
mended by IS 10262:2019 to the proposed capacity-based
framework (Table 4, w/b=0.25) is primarily attributed
to the following: (i) coarse aggregates are selected after
determining their suitability as per Eq. 24; (ii) SCM

Table 5 Mix proportions as per IS 10262:2019
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content used is borrowed from the capacity-based mix
design process; and (iii) the paste content is also bor-
rowed from the capacity-based mix design. However,
one may expect substantial dispersion in compressive
strength if uncontrolled aggregate and/or any other com-
bination of SF-MK, especially that less than S7M7 is used
in the mix.

8 Conclusions

The current mix design frameworks often lack a proper
control over the potential failure modes of concrete despite
recommendations on the quality control of the raw materi-
als. This paper identifies the possible failure modes in con-
crete and thereby proposes a capacity-based methodology
to eliminate all the undesirable modes of failure for exam-
ple, suppressing (postponing) the aggregate failure mode
and preponing the mortar failure mode. Dispersion of the
aggregate phase strength is relatively higher (than that of
the mortar phase) due to (i) various uncertainties contrib-
uted from the natural sources and (ii) the limited scope
of reducing the epistemic uncertainty during mix design
(as it is used without any processing). However, the mor-
tar strength can be controlled by carefully designing the
relative proportion of the constituents, which significantly
reduces the associated epistemic uncertainty. Therefore,
targeting weaker mortar—stronger aggregate is the under-
lying principle of the proposed capacity-based mix design.
In other words, if concrete can be engineered to fail pre-
dominantly through the mortar mode, it will result in a
superior quality control and minimal variation. This paper
also revisits the mix design method recommended in IS
10262:2019 through the window of proposed capacity-
based approach. The concrete mix (grade M95) designed
with the proposed capacity-based approach shows an over-
all coefficient of variation below 3.5% indicating excellent
quality control. The key conclusions that can be drawn
from the limited investigation carried out in this paper are
given below:

1. Assuming Mohr—Coulomb theory, the cohesion and
friction angle of concrete or mortar cubes can be
obtained using one single uniaxial unconfined com-
pression test. Such a framework is proposed in this
paper. This approach minimizes the errors contrib-
uted from sample-to-sample variation. Orientation

Mix SF(%) MK(%) w/cratio Mix proportions (Kg/m3)
Cement SF MK Sand Coarse aggregate  Water  Superplasticizer (solid)
C-S10M7.5-0.25-200 10 75 0.25 660 80 60  603.18 78576 200 38
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Table 6 Compressive strength results of bulk casting of concrete
at w/b 0.25 as per Indian Standard

w/b
Batch

0.25

BC1 BC2 BC3

28-day compressive strength ~ 93.08 9244 93.86

(MPa)

Mean

93.19 9545 96.32
95.94 9542 97.71
93.24 95.99 96.53
92.37 94.15 98.27
99.19 97.58 97.19
92.01 96.19 99.5
94 91.49 9441
94.51 93 99.67
91.72 91.24 97.01
(MPa) 93.93 94.30 97.05

St. Dev. (MPa) 223 217 191
f (MPa) 90.24 90.72 93.9
COV (%) 2.38 2.30 197
Overall mean (MPa) 94.92

Overall St. Dev. (MPa) 242

Overall COV (%) 2.55

Overall f (MPa) 90.94

of the failure plane of fractured specimen provides
the necessary supplementary information.

The coarse aggregate must meet a certain strength
(threshold) to ensure a controlled mortar failure and
to prevent the uncontrolled aggregate failure in con-
crete leading to significant reduction in dispersion.
This is in line with what is required in the seismic
design of structures.

Inclusion of coarse aggregate after optimizing the
mortar phase is likely to disturb the packing leading
to the creation of extra voids and thereby decreas-
ing the strength. Hence, when adding the coarse
aggregate following the proposed capacity-based
mix design framework, the paste content should be
increased and the SCM content should be re-opti-
mized. Resulting concrete strength in such cases may
approach or even surpass the mortar phase strength.
Keeping the strength of the mortar phase lower than
that of the concrete ensures that the concrete will
always fail in the mortar failure mode leading to an
excellent quality of concrete with reduced standard
deviation. The sample illustration on 95 MPa con-
crete shows ~3 MPa standard deviation (~3% coef-
ficient of variation).

Similar dispersion can also be achieved if it is pos-
sible to arrive at the similar composition as that of
capacity-based mix design while designing the con-
crete mix following IS 10262:2019. Since the opti-
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mal SCM content in mortar is not known a priori,
unlike the capacity-based framework, a wide range of
combinations are required to be explored. Computa-
tion of dispersion associated with each combination
also requires a sample size of 20 (specimens). Con-
sequently, this process can be costly, laborious and
time-consuming, although possible.

6. Uncertainty in the prediction of concrete strength
can alter the sequence of plastic hinge formation dur-
ing a seismic event, potentially leading to the undesir-
able mode of brittle shear failure. If the characteristic
compressive strength of concrete is underestimated,
the moment capacity of columns will be significantly
reduced as compared to the plastic capacity of beams
(which is primarily governed by the yield stress of the
rebar and the associated overstrength, i.e. the ratio
of ultimate to yield strength). This is likely to attract
non-compliance of otherwise assumed strong col-
umn—weak beam principle.

Overall, variation in concrete strength owing to the
uncertainty in adopted mix design framework may have
a considerable impact on the seismic design which can
be addressed through stringent quality control and the
proposed capacity-based mix design framework offers a
viable choice.

Abbreviations

A Aggregate failure wherein mortar remains uncracked while aggre-
gate initiates shear failure

M Mortar failure wherein mortar initiates cracking while aggregate
remains intact

AM Mixed mode of failure

CT™M Compression testing machine

cC Control concrete

GGBS Ground granulated blast furnace slag

HPC High-performance concrete

HSC High-strength concrete

IS Indian Standard

Tz Interfacial transition zone

LWA Low weight aggregate

MK Metakaolin

NSC Normal strength concrete

OPC Ordinary Portland cement

PCE Polycarboxylic-ether

SCMs Supplementary cementitious materials

SEM Scanning electron microscopy

SF Silica fume

D10 The diameter at which 10% of the particles in the sample are
smaller.

D50 The diameter at which 50% of the particles are smaller and 50% are
larger.

D90 The diameter at which 90% of the particles in the sample are
smaller

w/b Water/binder ratio

w/c Water/cement ratio

c Cohesion

Cagg Cohesion of aggregate

Cmor Cohesion of mortar

Cafm Cohesion governed by aggregate failure mode

Cfm Cohesion governed by mortar failure mode

Cagglmin  Minimum threshold value for cohesion of mortar
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¢ Angle of internal friction/ friction angle

Pagg Friction angle of aggregate

Bmor Friction angle of mortar

Pafm Friction angle governed by aggregate failure mode

DPuifm Friction angle governed by mortar failure mode

a Orientation of the failure plane

aye Orientation of the failure plane in presence of confining pressure

anc Orientation of the failure plane in without confining pressure

am Orientation of the failure plane governed by aggregate failure
mode

aMm Orientation of the failure plane governed by mortar failure mode

Pne Confining pressure

owe Confined compressive strength

oNC Unconfined compressive strength

on Unconfined compressive strength of aggregate

a/(}g” Unconfined compressive strength governed by aggregate failure
mode

JAA,/'C’(”] Unconfined compressive strength governed by mortar failure
mode

ocH Applied vertical stress at which cohesion is lost on the failure plane

aé,g’” Applied vertical stress at which cohesion is lost on the failure plane
governed by aggregate failure mode

aé/’,j’” Applied vertical stress at which cohesion is lost on the failure plane
governed by mortar failure mode

aﬂm}/c Normal stress at the failure plane with confinement

a};’C Normal stress at the failure plane without confinement

Ug%H Associated normal stress on the failure plane at which cohesion is
lost without confinement

erVC Shear stress at the failure plane with confinement

rf’zc Shear stress at the failure plane without confinement

rf’gcm Associated shear stress on the failure plane at which cohesion is
lost without confinement

Tifm Shear stress at the failure plane without confinement governed by
aggregate failure mode

rAAf’Cfm Shear stress at the failure plane without confinement governed by
mortar failure mode

Tagg Shear strength of aggregate
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