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Abstract

Incorporating the blends of aggregates from local quarries is inevitable for sustainable construction of concrete structures. In the
present study, the performance of wet paving concrete (WPC) made with ternary blends of alluvial tuff (AF.Agg) and crushed limestone
aggregates (LSLQ and LSHQ) were investigated using the simplex centroid mixture method (SCMM). The performance of WPC including
the compressive strength (f), fracture energy (G in compression, durability factor (D)) after 300 freeze-thaw (FT) cycles in water,
and the coefficient of thermal expansion (CTE) were measured according to the standard test procedures. A novel procedure was
developed to measure the weight loss (W,) and water absorption (W,) of sawn cut prisms (SCPs) under the harsh exposure condition
including 50 continuous salt-FT cycles with the high temperature gradient (-24 to +24 °C). The procedure was more destructive after
a shorter exposure time. Non-linear correlations established between G. & W, with W, indicating the pivotal role of interfacial bond
in the long-term durability of WPC. The direct relation between W, and W, confirmed the porosity evolution of concrete matrix under
the harsh exposure. The meaningful correlations were found between CTE and the other responses implying that an increase in CTE
due to the presence of altered siliceous-based minerals within the aggregates have led to the weak interfacial bond of aggregate-
paste under mechanical loads and eventually the earlier pop-out of particles under the harsh exposure. The empirical models were
developed with the significant predictability to estimate the optimal blending ratio without compromising the concrete performance.
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1 Introduction

Concrete mixes for paving blocks are proportioned to hold
edges after passing through the vibrating paver. In hard-
ened state, concrete should be strong and durable enough
to withstand both traffic loads and freeze-thaw (FT) cycles
in the presence of deicing salts [1]. Under this coupling
action, continuous nucleation, formation and propaga-
tion of micro-cracks through the weakest link of concrete
matrix like interfacial transition zone (ITZ) at the aggre-
gate-paste interface increase the porosity and width of
the ITZ. Eventually, this process makes concrete prone to
other deteriorative reactions [2, 3]. Hence, the long-term
serviceability of the plain concrete is still controversial
issue [4]. Among practices enhancing the salt FT durabil-
ity of concrete, addition of air-entraining agents (AEAs)
to maintain 6% entrained air (Vol.) within the paste was
more cost-effective in mitigating deformations as residual

strain generated under accumulated and irreversible dete-
rioration process [5—7]. Accordingly, as the FT durabil-
ity in water (D/.) decreased to 60, the water absorption
(W,) increased from 3% to 6% indicating the more gener-
ated pores through the concrete after deterioration [3, §].
Among the mix variables, aggregate characteristics espe-
cially coarse sizes play a pivotal role in the concrete per-
formance [9, 10]. During the cement hydration, chemical
reaction between CaCO, crystals in limestone and cement
phases yields carbo-aluminate phases with more regular
Ca(OH), crystals leading to the better quality of ITZ fol-
lowed by less coefficient of thermal expansion (CTE) along
a thinner width of the ITZ compared to natural gravels
that predominately composed of siliceous minerals [11].
A recent study revealed that the micro-hardness of ITZ
for concretes made with limestone aggregates (LS.Agg)
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was greater compared to those with natural aggregates
(N.Agg) [12]. Gu et al. [13] found that the bond strength
of ITZ was about half of the matrix strength. Besides,
Nakamura et al. [14] necessitated investigating the effect
of aggregates type and size on the concrete fracture under
compressive failure (G ) to further identify the charac-
teristics of ITZ. Wu et al. [15] also stated that the G, is
a function of the concrete compressive strength (f)) where
the fracture takes place through the coarse aggregates.
Generally, diversity in the mechanical, durability and
thermal behavior of concrete were generally attributed to
the morphology, texture, mineralogy, microstructure and
stiffness of aggregates [16—19]. For concrete made with
N.Agg, CTE was more than two times of that with LS.Agg
while the higher CTE could aggravate the thermal stress
caused by FT cycles in salt solution and eventually leads to
the thicker ITZ [16, 20]. Cai et al. [21] also pointed out that
excessive portion of coarse gravels can absorb more water
during the FT cycles, and thereby increase the penetration
depth of chloride salt solution.

To improve the most specifications regarding work-
ability, mechanical and durability properties of con-
crete, blending of aggregates from local sources is rec-
ommended to attain the sustainable construction [22].
Tiegoum Wembe et al. [23] concluded that it's suitable to
use up to 65% of crushed sand as partial replacement of
river sand for concretes with water-to-cement ratio (w/c)
ranged from 0.35 to 0.45. Médici et al. [24] have found
a non-monotonic correlation between strength and portion
of crushed aggregates blended with N.Agg due to vari-
ety in the aggregates properties. Koubaa et al. [25] rec-
ommended the incorporation of less-durable aggregates
lower than 20% into concrete to give dilation <0.025%
and D, > 90. Some studies have concluded that the use
of rough and angular crushed aggregates in high strength
concrete could not definitely meet both the mechanical
and durability specifications [26, 27]. The lower strength
and higher permeability of concretes made with limestone
and tuff aggregates compared to those with granite and
andesite [28]. Even though each aggregate has its cer-
tain mineral composition and formation process, it's dif-
ficult to generalize these characteristics to the properties
of concrete [29]. Therefore, employing the numerical sim-
ulation is required to simplify the prediction of concrete
behavior according to the properties of aggregates [23].
In this regard, the design of experiment (DOE)- mixture
approach has been confirmed as a robust tool to find opti-
mal blends of aggregates with different characteristics

Siamardi et al. | 2/] /I
Period. Polytech. Civ. Eng., 69(1), pp. 210-219, 2025

for the production of sustainable concrete structures [30].
Accordingly, Adiguzel et al. [31] determined the optimal
blend of aggregates from three quarries to mitigate the
potential of alkali-silica reactivity of concrete. Siamardi
et al. [32] optimized the blends of coarse and fine crushed
LS.Agg from two local sources to produce sustainable
paving concretes.

2 Objectives and research significance

The research objective is to investigate the hardened
performance of wet paving concrete (WPC) incorporat-
ing ternary blends of alluvial tuff aggregates (AF.Agg)
and two types of crushed LS.Agg from three local quar-
ries. In short, f, stress-strain (6—¢) curves and G . as the
mechanical responses, CTE as the thermal behavior, and
WL, W,, D, as the durability parameters were measured
and recorded as the concrete performance. To explore the
influence of the aggregates on the concrete performance,
different blending ratios were proportioned according to
the DOE-simplex centroid mixture whilst the volume and
properties of cement paste were fixed. The performance
of the WPC in terms of blending ratios of aggregates was
then correlated using the DOE-simplex centroid mix-
ture method (SCMM) to establish regression models and
thereby ascertain optimal blends. The interaction of these
performance responses is analyzed for the first time to
reveal the effect of blended aggregates on the properties
of WPC. Finally, to fulfill the sustainable use of concrete
aggregates, deteriorated concrete specimen made with
an optimal blend after exposure to the harsh condition of
salt-freezing and thawing is also explored via the scanning
electron microscopy (SEM).

3 Experimental methods

3.1 Materials

A type II Portland cement from Tehran plant was used as
binder in which the 28-days compressive strength of stan-
dard mortar and the Blaine fineness were 34 MPa and
3080 cm?/g, respectively. A type-G poly-carboxylate ether-
based superplasticizer (PCE) and ASTM C260-10 [33] were
used as the chemical additives. The three types of aggre-
gates from local mines including the AF.Agg, low (LSLQ)
and high (LSHQ) quality crushed limestone aggregates
with the properties given in Table 1 were incorporated.

As previously recommended [32, 34], the state of
cementation and pore structure within the aggregates
were well distinguished by the wet attrition of micro-de-
val and the FT test in a confined exposure, respectively.
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Table 1 Properties of the coarse and fine aggregates used for manufacturing the WPC
Coarse Fine

Properties

AF.Agg LSLQ LSHQ AF.Agg LSLQ LSHQ
Rodded unit weight (kg/m3) 1450 1490 1570 1630 1710 1660
Water absorption (%) 1.8 0.6 0.4 2.9 2 1.3
Specific gravity 2.58 2.69 2.7 2.6 2.71 2.72
Particles finer than 75 pm (%) 0.6 0.9 0.6 2.9 5.4 4.7
Potential alkali reactivity in 14 days (%) - - - 0.076 0.028 0.011
Magnesium sulfate soundness (MSS) (%) 1.6 1.5 0.45 6.4 4.3 3.5
Freezing & thawing (%) 8.8 12.9 6.3 5.4 9 6.1
Los Angeles abrasion resistance (%) 14 26 25 18 24 23
Abrasion in micro-deval (%) 13.6 17.2 10.8 - - -
Flakiness / Elongation index (%) 17/22 16/28 10/24 - - -
Aggregate crushing value (ACV) (%) 15.7 22.3 20.1 - - -

Also,
under crossed polarized light (XPL) are shown in Fig. 1.

thin-section photomicrographs of aggregates
The analysis revealed that LSHQ particles composed
mainly of well-sorted matrix of clay-size calcium car-
bonate (micrite) whereas the AF.Agg composed of vol-
canic glass matrix and LSLQ had a poorly sorted micrite
matrix in which both the AF.Agg and LSLQ contained
altered minerals (i.e. strained quartz, rock fragments,
iron-hydroxide) with micro-fissures leading to the more
expansion of mortar in sodium-hydroxide solution as per
ASTM C1260-14 [35, 36].

v

kY  Alluvial Tuff Particles
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Micrite Clacite

Goethite

200 pm

Fig. 1 XPL thin-section photomicrographs of aggregates

3.2 Mix design

The concrete mixes were design as per ACI PRC-211.1-
91 [37] to give f, =40 MPa, 6% air content and 5 cm slump.
The content of cement 415 kg, water 145 kg, PCE 2 kg,
AEA 0.28 kg per one cube of concrete were fixed where
10 ternary blending ratios of aggregates as proportioned
using the DOE-SCMM were incorporated. The gradation
curves of coarse and fine aggregates with the combined
gradations close to the power 0.45 curve are exhibited in
Fig. 2. To ensure that a perfect bond at the aggregate-paste
interface is accommodated, the w/c of 0.35 was considered
to compensate the adverse effect of entrained air voids
within the paste on the concrete strength.

3.3 Test methods

All the hardened tests were carried out after laboratory

curing at the age of 28 days and the average of each set of

experiments was considered as the performance response.
The 150 mm cubes were used for measuring f, as per

UNI EN 12390-3:2003 [38] where o— curve of each mix

e Coarse (LSHQ)
el Fine (LSHQ)

e Fine (tuff)

e= e= «= Uplimit Fine (ASTM C33)
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Fig. 2 Particle size distributions of aggregates



was recorded and the area under each curve was calculated
to quantify the G of concrete. The CTE (strain variation
affected by temperature gradient 10-50 °C) of cylinders
(D100 x H200 mm?) was measured as per AASHTO TP 60-00
(2007) [39]. The D/. of prisms (75 x 100 x 400 mm?®) in
terms of the relative dynamic modulus of elasticity (RDME)
after 300 FT cycles in water as per ASTM C666/C666M-
15 [40] was also measured. As the harsh exposure condition,
a procedure was developed to deteriorate the sawn prisms
(75 % 100 x 30 mm?) within 50 salt-FT cycles (—24 °C/16 h,
+24 °C/8 h) to estimate the weight loss (7, ) [32]. The water
absorption (W) of the deteriorated sawn cut prisms (SCPs)
was measured after immersion in +40 °C water for 48 h.

4 Results and discussion

A total of 6 responses of the WPC affected by 10 ternary
blending ratios of aggregates are given in Table 2. The o—¢
curves of WPC are shown in Fig. 3. As exhibited in Fig. 4,
W, increased dramatically after fewer number of salt-FT
cycles compared to the decline in RDME as shown in
Fig. 5. It could be attributed to the smaller size of SCPs
which had been pre-stressed due to the cutting process
before initiating the harsh exposure condition.

In addition, the SCPs were found more vulnerable under
the harsh exposure due to their higher degree of satura-
tion than those standard prisms [32, 41, 42]. The images
of fragmented aggregate particles after 50 FT cycles con-
fined in water as per AASHTO T 103 [43], deteriorated
SCPs after the severe (harsh) exposure and the broken
cubes under compression are shown in Fig. 6.

Furthermore, the strong correlations of G and W, with
W, are depicted in Fig. 7 implying that a rise in G . due to
the better interfacial bond as well as the coarse aggregate
characteristics could give durable and strong mixes under
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the harsh exposure as developed in the present research.
This finding is partially consistent with some conclusions
such that natural coarse aggregates composed of clastic
particles, porous structure and smooth surface were more
susceptible to pop-out and disintegration [3, 14, 18, 34].

As shown in Fig. 8 (a), the post-damage W, increased
dramatically rather than pre-damage W, with aggrava-
tion in deterioration of SCPs due to the formation of new
pores, nucleation, micro-cracks, and the propagation of
pre-existing cracks particularly at the ITZ as concluded
by [3, 42] that led to the more pop-out of coarse aggregates
and loosely bonded particles from the matrix. Moreover,
as confirmed by Yang et al. [8], 7, increased definitely
with decline in G . of concretes due to the irregular pore
structure and micro-cracks through the matrix which
were then exacerbated by the formation of inter-connected
pores under the harsh exposure condition.

4.1 Development of simplex centroid mixture model
The DOE-SCMM was employed for equally weighted
blending ratios of aggregates. The design consists of one
centroid point (Mix No.6) and three secondary central
points (Mix No.4,7,9) [44]. Accordingly, the responses
of WPC were correlated with the blending ratios as the
mix variables to establish the empirical models within the
space and materials properties. The statistical evaluation
of mixture model (Fig. 8 (b)) showed the lower error for
80% of fraction of design space (FDS). The fit summary
and the analysis of variance (ANOVA) in the model are
given in Table 3. Adequate precision as signal-to-noise
ratio > 4 and (Adjusted R>-Predicted R?) < 0.2 indicate that
the models could reliably be predictable. The overall vari-
ance inflation factor (VIF) of the model was less than 2
indicating an insignificant multi-collinearity.

Table 2 Results of experiments for each WPC mixture

Blending ratios of aggregates”

Performance responses

Mix e Ry Rigo Rigio f.(MPa)  G.(KJm? CTE (ue/°C) W, (%) W, (%) D,
1 1 0 0 37.7 6.8 8.7 6.12 4.89 67
2 0 0 1 53.4 137 45 0.78 0.95 89
3 0 0.5 0.5 487 11.4 5.6 2.14 2.62 82
4 0.666 0.167 0.167 429 8.6 7.5 4.06 4.45 70
5 0 1 0 43.4 9.8 5.8 3.1 3.34 72
6 0.333 0.333 0.333 478 10.1 6.2 273 3.47 76
7 0.167 0.666 0.167 46.3 10.3 6.6 2.64 3.67 75
8 0.5 0 0.5 476 9.7 5.9 2.8 3.1 74
9 0.167 0.167 0.666 51.5 1.9 5.2 137 2.14 82
10 0.5 0.5 0 4238 8.8 7.4 3.86 432 69

* —
RTuﬁ‘ + RLSLQ + RLSHQ -

1



Z»I 4 | Siamardi et al.
Period. Polytech. Civ. Eng., 69(1), pp. 210-219, 2025

Mix No.1
e V]ix No.2
o= = «= Mix No.3
e Mix No.4
e «» e Mix No.5
e Mix No.6
= = Mix No.7
s Mix No.8
e Vix No.9
Mix No.10

0 0.001 0.002 0.003
Strain (mm/mm)

Fig. 3 Stress-strain curves of cubes under compression
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Fig. 5 RDME variations in standard prisms per each 30 FT cycles

Pearson's correlation factors relating the blending ratios
to the studied responses are given in Table 3. As also
approved from Fig. 8 (a), as the proportion of AF.Agg
increased (e.g. Mix No.l), post-damage W, was also
increased significantly compared to the pre-damage W,
which could be attributed to the thicker ITZ, larger portlan-
dite crystals, higher CTE and porous matrix. This results
in the significant drop in G, f,, Df and increase in CTE,
WL, W,. These fluctuations could be attributed to the min-
eralogical characteristics of aggregates [11, 16, 21, 34].

4.2 Estimating the maximum aggregates incorporation
Using the prediction models, the maximum incorpo-
ration of aggregates was estimated to meet the spec-
ifications regarding the goals defined in Table 4. As the

Limestone High
Quality (LSHQ)

Limestone Low

Quality (LSLQ)

Alluvial Tuff

Aggregates after confined F-T cycles s

LSLQ Concrete LSHQ Concrete
Mix No.5 Mix No.2

Tuff Concrete
Mix No.1

-

Fractured faces after compressive failure

Fig. 6 Images of fragmented particles of each quarry after FT cycles,
SCPs after the harsh exposure and the broken cubes under compression

main goal, Df > 80 was considered due to the fact that,
a large number of pores contributes to the failure caused
by frost action and a significant mechanical degradation
could be anticipated for concretes with the lower D, [45].
The other goals were set based on the statistical equiv-
alency to meet the requirements, concurrently. Also, as
confirmed by refs [11, 16, 20], Mix No.l had the maxi-
mum CTE (8.7 pe/°C) about 2 times of Mix No.2 due to
the predominant altered siliceous minerals within porous
structure of AF.Agg where the minimum G, (6.8 KJ/m?)
about less than half of those with LSHQ aggregates was
obtained due to the less interfacial bond. Thereby, these
mixes were prone to sever degradation (W, = 6.12%,
D= 67, W, = 3.24%—4.89%) under the harsh exposure.
Accordingly, further incorporation of AF.Agg (>13%)
and LSLQ aggregates (>27%) with respect to the opti-
mal blend may compromise the concrete performance.
The contour plots for each response are shown in Fig. 9.
The trend of contours for £, G, Df and WL was similar
whilst the trend for CTE and W, followed the same pat-
tern. The images of cross-section and SEM of the dete-
riorated SCP made with the optimal blend are shown in
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Table 3 Fit summary and the ANOVA of the performance responses in the final model
Pearson correlation factor Fit statistics of the mixture models
Response ) . ) R ) " o o
Riw Rigo R oo Regression R Adjusted R*  Predicted R*  Standard deviation = Adequate precision
/. (MPa) -0.741  —0.169 0.91 Quadratic 0.992 0.987 0.861 0.627 33.12
G (KJ/m?) -0.844  —0.026 0.87 Quadratic 0.996 0.99 0.962 0.19 47
CTE (ne/°C)  0.873  —0.067 —0.806  Quadratic 0.989 0.977 0.838 0.188 29.35
W, (%) 0.862  —0.043 —0.819 Quadratic 0.993 0.984 0.919 0.18 37.23
W, (%) 0.769 0.149  -0.918 Quadratic 0.992 0.983 0.853 0.15 34.8
D -0.743  —0.186  0.928 Quadratic 0.997 0.992 0.957 0.6 47.5

L

Fig. 10. The weathering rind around the AF.Agg (green
tuff) was observed indicating that these particles were sus-
ceptible to be detached from the matrix. Moreover, when
the entrained air voids were critically saturated under the

harsh exposure, cracks propagated through the pore fluid
paths due to the formation of expansive products (e.g. cal-
cium-oxychloride) [42] and excessive pressure caused by
FT action where the bond at ITZ was weakened earlier.
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Table 4 Estimation of maximum possible incorporation of aggregates

Variables and responses Studied range Goal Theoretical prediction confidence 95%

Riw 0-1 predict 13

Rigq 0-1 predict 27 Pre‘?ﬁ:&?ﬁ?‘;ﬁvals

R o 0-1 predict 60

/. (MPa) >49 In range 50.3 48.4 52.3
G (KJ/m?) >11 In range 11.6 11 12.2
CTE (pe/°C) <5.5 In range 5.5 4.9 6.1
W, (%) <2 In range 1.77 1.18 2.37
W, (%) <2.5 In range 2.5 2 3
Df >80 In range 81 80 83

B: LSLQ C: LSHQ B: LSLQ
WL(4%NaCI-FT) (%)

Ge (KJ/m2)

A: Tuff

CTE (ne/°C)

A: Tuff

)

C:LSHQ B:LSLQ

WA (Post-damage) (%) Df

C: LSHQ

Fig. 9 Contour plots of responses generated by the mixture models in terms of ternary blending ratios with the optimal blend

(b) Separated
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Crack growth
irregulay along the ITZ
parfticle
Saturated
entrained air
bubble

1

N

Crack along pore ended-to
saturated air bubbles

Round Separated

— U8 particle round partigle
100pm

Fig. 10 Optimal SCP after harsh exposure: (a) Cross-section, (b) SEM



5 Conclusions

The thermal behaviour, mechanical properties and FT
durability of the WPC made with different blending ratios
of AF.Agg, LSLQ and LSHQ aggregates proportioned
via DOE-SCMM were investigated while the volume and
properties of air entrained paste were fixed. After then, the
prediction models were developed to determine the max-
imum incorporation of aggregates without compromising
the concrete performance. Consequently, the sawn prism
made with the optimal blend subjected to the harsh expo-
sure condition as a fast assessment and its micro-structure
were studied. Based on the test results and analysis, the
following conclusions were drawn:

1. The thin-section analysis of the aggregates was in
conformity with the physical, mechanical and dura-
bility properties of aggregates as particularly evalu-
ated through the micro-deval and FT tests.

2. Incorporation of AF.Agg into concrete mixes due
to the higher CTE (8.7 pe/°C) and the lower G,
(6.8 KJ/m?) leading to the less strength and dura-
bility was limited to 13% to meet the specifications
(/.> 50 MPa & D> 80).

3. The SCPs under the harsh exposure condition under-
went 50 FT cycles confined in 4% chloride salt solu-
tion with high temperature gradient (—24 to +24 °C)
were more vulnerable especially for specimens made
mainly with AF.Agg (W, = 6.12%, W, = 4.89%) than
those standard prisms experienced FT cycles in
water (D )= 67).

4. Strong correlation was established between G and
W, with W, which mainly dependent upon the min-
eralogy of aggregates, surface texture, and the ITZ.
Accordingly, AF.Agg and LS.Agg were found to
have adverse and positive effect on the WPC perfor-
mance, respectively.

5. Difference in pre and post damage W, of SCPs
was significant for concretes made with extrusive
AF.Agg due to the more porosity evolution under the
harsh exposure condition whilst the negligible rise in
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