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Abstract - A primary objective for any concrete, or other cementitious composite, is to ensure consistent, reliable, and predictable fresh
properties between subsequent batches. This is especially important for additive manufacturing, grouting, and pumping applications,
where regulation of the fresh properties is paramount to providing quality control. This study considered the main influences of aggregate
moisture content and how that moisture is accounted for during batching on the flow, setting time, and compressive strength of a mortar
currently used in an additive manufacturing process. The results indicated that aggregate moisture content can drastically alter the
variability in these properties. When fresh properties need to be controlled for a mortar, it is recommended that the aggregates should be
saturated surface dry, or at least partially saturated, and that the moisture should be properly accounted for by adjusting the batching
proportions. This recommendation is based on the results in this study with the lowest amount of variability and therefore the greatest
amount of reliability and consistency.
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1. Introduction

This investigation was initiated when the researchers and their colleagues noted significant quality control issues in the
printability of an additive-manufactured mortar between replicate mixes. It was discovered that, while the same mixture
proportions were specified, the aggregate moisture condition was not necessarily well-controlled between subsequent
batches. This short study examines the effect of aggregate moisture condition and how it is accounted for on the fresh
properties of mortars. The results directly impact any construction scenario where strict control of fresh properties is needed,
such as additive manufacturing, grouts for tendons in prestressed concrete, pumpable mortars, repair materials, etc.

While the field of additive-manufactured cementitious composites (AMCC) continues to grow and advance at a
seemingly exponential rate, a number of materials research needs and requirements have been identified [1], [2]. For instance,
quality control measures are needed to produce consistent workability such that the additive-manufactured component can
be constructed with reliability according to the intended design specifications. Conventional concrete workability tests, such
as slump, are not particularly applicable to AMCC [3], [4], as the rheological property requirements are very different for
AMCC compared to conventional cast concrete.

The novelty of the present study is to consider the effect of aggregate moisture content on an AMCC mixture in order
to evaluate what quality control measures may be required to ensure consistency and reliability for fresh properties. Indeed,
previous studies have demonstrated that the aggregate moisture content can affect the fresh and hardened properties of
mortars and concrete [5]-[8], particularly for aggregates with high absorption capacities [9]-[15]. In particular, the effect of
aggregate or surface moisture content (e.g., dry, partially saturated, saturated surface dry, over saturated, etc.) has been shown
to significantly influence the microstructure development [9], [11], [14], [16], [17]. In terms of fresh properties, the aggregate
moisture content and how it is accounted for during batching can affect initial workability and the rate of workability loss
[6], [10], [13], [18], [19]. In general, oven dry conditions appear to negatively impact fresh and hardened properties more
than partially to fully saturated conditions. Since aggregate moisture content and how it is accounted for during batching has
been demonstrated to measurably affect the workability of concrete and other cementitious composites, the objective of this
study is to observe how the aggregate moisture content and how it is accounted for will influence mortar flow, setting time,
and compressive strength.
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2. Experimental Methodology

Two different fine aggregates were evaluated: a 100 .
natural sand and a manufactured sand. The ,
gradation per ASTM C136-19 is shown in Figure 1. = — L”S&i;?i‘;ﬁd Sand Iy
The bulk specific gravity, apparent specific gravity, st 80f
and absorption per ASTM C128-15 are shown in <
Figure 1. The aggregates were prepared in three § sol
moisture conditions: oven dry (OD), saturated =
surface dry (SSD), and air dry (AD). The OD 8
condition was prepared by heating the aggregate at & a0l
105°C for at least 12 hours. The SSD condition was <
prepared by mixing OD aggregates with the exact g
amount of water to achieve SSD conditions (i.e., E ool
according to the absorption capacity) and storing the O
mixture in a sealed container for several hours. The
AD condition was simply the stockpile moisture 0 = ‘
condition in the ambient laboratory environment. 10 107" 10° 10’

A total of 12 mortars were prepared in a Sieve Size (mm)
factorial analysis of aggregate type (2), moisture
condition (3), and mixture batching (2), as shown in _Property Natural Sand Manufactured Sand
Table 1. Two different batching approaches were  Specific Gravity (Bulk) 261 2.82
considered: Group 1 tests mixed the aggregates “as- Specific Gravity (Apparent)  2.66 2.84
is” without adjusting the proportioning according to Absorption Capacity (%) 1.08 0.47

Fineness Modulus 3.32 3.53

the aggregate moisture content whereas Group 2
tests did properly adjust batching proportions.
Although the Group 1 batching does not follow
conventional  proportioning  methodology, the
objective was to observe how not accounting for
aggregate moisture can significantly affect properties, — Moisture

Figure 1. Fine aggregate gradation and physical properties.

Table 1. Mixture Identification for Aggregate Type, Moisture
Condition, and Batching Group

Group 1 Group 2

Natural ~ Manufactured Natural Manufactured

based on previous work by the authors [9]. The Group ~ Condition o sand Sand sand

2 batching does follow conventional proportioning ~op Mortar 1 Mortar 4 Mortar 7 Mortar 10
methodology as it does account for the aggregate  AD Mortar 2 Mortar 5 Mortar 8  Mortar 11
moisture content, which can significantly influence SSD Mortar 3 Mortar 6 Mortar 9  Mortar 12

the fresh and hardened properties, as shown in
previous work by the authors [10] and by a number of articles cited in the Introduction.

The mortar mix design followed a formulation that has been identified to yield AMCC of suitable printability [20]. The
mixture has a design water-to-cementitious (w/cm) ratio of 0.375 by weight and a sand-to-cementitious (s/cm) ratio of 1.5
by weight. The total cementitious content was composed by weight of 60% Type 111 portland cement, 30% ground granulated
blast furnace slag, and 10% silica fume. A high range water reducing admixture was also added at a dosage rate of 540 mL
per 100 kg cementitious. All mortars were mixed per ASTM C305-14.

The fresh and early hardened properties of these mortars were evaluated, specifically mortar flow, setting time, and 1-
day compressive strength. The mortar flow was determined per ASTM C1437-15 as soon as the mortar was mixed. The
setting time was measured per ASTM C807-18, except that the mortar surface was sealed with plastic between each
subsequent measurement. Penetration measurements for setting time were collected approximately every 15 minutes and
then were collected every 5 minutes as the mortar approached final set. The average 1-day compressive strength was
determined from three 50 mm cube specimens per ASTM C109-20. The cube specimens were cast and sealed with plastic
to be cured at ambient laboratory conditions prior to testing after 1 day of curing.
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3. Results and Discussion

Table 2. Mortar Flow and Setting Time Results

3.1. Mortar Flow i Batching Aggregate Aggregate Mortar Flow Setting
The mortar flow, defined per  Group =~ Type Condition No. (%) Time (min)
ASTM C1437-15 as the percent oD 1 44 145
increase from the base diameter, is Natural Sand AD 2 53 153
shown in Table 2. Interestingly, the SSD 3 67 199
average for each sand type did not Group 1 oD 4 81 120
significantly change between the Manufactured AD 5 74 164
results for Groups 1 and 2. Overall, Sand sSD 6 81 196
the_ m_arlufactured sand had less oD 7 61 189
variability than the natural sand and Natural Sand AD 8 47 169
demonstrated greater flow sSSD 9 57 183
increases than the natural sand inall ~ Group 2 oD 10 72 171
cases (Table 3). This was likely due Manufactured AD 11 76 191
to absorption content (i.e., 0.47% Sand ) 12 82 188

for manufactured sand and 1.08%
for natural sand) as well as differences in

Table 3. Flow Results Irrespective of Moisture Condition

gradation, fineness, and particle shape between

the two fine aggregates. Because the g?gcl:' FlJng Aggregate Type A\E(e;/ro?ge De?/tig?ig?wrg %) R(%zg);e
manufactured sand had a lower absorption Natural Sand 55 9 1
capacity, the potential for variation in the flow Group1 Manufactured

was likely reduced. This is highlighted in the Sand 79 3 9
fact that the standard deviations for the Natural Sand £5 5 5
manufactured sand were 3% and 4% for Group2  Manufactured

Groups 1 and 2, respectively, while the sand 77 4 12

standard deviation for the natural sand were

9% and 6% for Groups 1 and 2, respectively.

Based on the results in Tables 2, 3, and 4, aggregates with low
absorption capacity, such as the manufactured sand at 0.47%, may
not greatly affect workability regardless of the aggregate moisture
content or if the aggregate moisture content is accounted for during
batching. However, the results for natural sand, with an absorption
capacity of 1.08%, appears to show greater influence on
workability. For Group 1, the trend agrees with the expected

Table 4. Flow Results Irrespective of Aggregate Type or
Batching Group

Aggregate  Average Standard Range
Condition (%) Deviation (%) (%)
oD 65 14 57
AD 62 13 45
SSD 72 10 34

behaviour in that OD reduced the flow the most while SSD vyielded the greatest flow. Similar behaviour has been reported,
such as in the form of workability loss [13], [19], and is attributed to the OD aggregate quickly absorbing water from the
paste and affecting the local w/c ratio. This behaviour is not as drastic in Group 2, since additional water is batched for the
OD aggregate, locally increasing the w/c ratio and counteracting the workability reduction due to the OD aggregate, which

has also been demonstrated in other studies (e.g., [6], [10], [18]).

When comparing the flow results for the 12 different mortars, the moisture condition was investigated to determine
which performed the most consistently between the different aggregate types (Table 4). Regardless of the aggregate type or
the batching group, the OD condition yielded the greatest variability while the SSD condition yielded the least amount of
variability. This would preliminarily suggest that an SSD condition can result in @ mix with more consistent workability
irrespective of aggregate type or how aggregate moisture is accounted in batching. However, it is possible that all of the
mixtures exhibited suitable flow for production of AMCC, as Tay et al. [21] recommended mortar flow values of 50% to

90% for suitable printability via extrusion.
3.2 Setting Time
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The setting time was determined using

Table 5. Setting Time Results Irrespective of Moisture Condition

a manual Vicat needle apparatus according

Batchi A Standard
to ASTM C807-18, the results of whichare e 0 Aggregate Type ~ “orode STEUERE. - Range (%)
. L Group (min)  Deviation (min)
shown in Table 5. Similar to the flow Natural Sand 166 24 33
results, the setting time standard deviation Groupl Manufactured
and range were greater for Group 1 than for Sand 160 31 47
Group 2 (Table 5). This is also likely to be Natural Sand 180 8 11
a result of the absorption capacity and how
the water is accounted for during the Group 2 Manufactured 184 9 11

. ; Sand
batching  procedure, as previously
discussed. Furthermore, Table 5 demonstrates that the setting time
was not significantly influenced by the aggregate type, unlike the
flow results.

Also similar to the flow results is the effect of aggregate
condition regardless of the aggregate type or the batching group.
Table 6 shows a clear trend of increasing setting time: OD < AD <
SSD. This same trend was also demonstrated by Cortas et al. [7]
and similar trends can be inferred from the Vicat penetration tests

Table 6. Setting Time Results Irrespective of Aggregate
Type or Batching Group

Aggregate Average Standard Range
Condition  (min)  Deviation (min) (%)
oD 156 26 44
AD 169 14 23
SSD 192 6 8

by Ortiz et al. [5]. This trend is directly relatable to the flow results and the workability loss (e.g., [13], [19]) reported in the
literature for OD aggregates. The OD aggregates will absorb moisture from the surrounding cement paste, locally reducing
the effective w/c ratio and accelerating set. Indeed, a general trend is reported in the literature that setting time decreases as

wic ratio decreases (e.g., [22]-[25]).

For both groups, the SSD fine aggregate performed the most consistently with the lowest standard deviation and range
in setting times (Table 6); this behaviour is expected because a fine aggregate at SSD should neither give nor take moisture
from the cement paste. Thus, cement hydration, as indicated by setting time, may not be influenced by the fine aggregate

types in this study when the aggregate is in SSD condition.

45

S
=]
I

W
w

Penetration (mm)
e - N N W
o [$,] [ [4] o

(5]
T

(=]

Time (min)

—oD | |
—AD
——ssD| |

Penetration (mm)
N
[

-
[#1]

O I I =
50 100 150 200 250

Time (min)

Figure 2. Setting time data for Group 1 (left) and Group 2 (right) as a function of aggregate type — natural sand (solid
lines) and manufactured sand (dashed lines) — and aggregate moisture condition.

Figure 2 shows the time-dependent Vicat penetration readings for setting time. It is evident how properly adjusting for
the aggregate moisture condition in Group 2 results in a narrow band of setting behaviour as opposed to not accounting for
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aggregate moisture in Group 1. The trends in Figure 2 reiterate the importance of accounting for aggregate moisture during
batching to ensure improved consistency in the behaviour.

Based on these data, it is evident that the most consistent and reliable mixtures, in terms of setting time, would include
SSD aggregates and the Group 2 batching (i.e., account for the moisture condition). It should also be noted that the time at
which the mixture no longer produces layers of suitable quality and the time at which the extrusion nozzle gets blocked by
hydrating cement can occur hours before initial set [26]. Therefore, in terms of quality control measures to produce a mix
with a consistent and, more
importantly, with a predictable Table 7. 1-Day Compressive Strength Results

gggngébn::é;; r:ﬁg":gge'greodughfg Batching Aggregate  Aggregate Mortar Average gg;gg cr)cri] Range
iti 0,
batching be sed. Group Type Condition No. (MPa) (MPa) (%)
oD 1 19.6 1.5 14.9
3.3 Compressive Strength Natural Sand AD 2 21.0 0.2 15
The 1-day  compressive Group 1 SSD 3 14.8 05 5.7
strength results and statistics are Manufactured oD 4 17.1 0.5 55
shown in Table 7. The Sand AD 5 25.4 1.8 13.8
manufactured sand obtained a SSD 6 16.7 05 55
slightly ~ higher ~ compressive oD 7 16.6 0.1 1.6
strength for both groups (Table 8), Natural Sand ~ AD 8 19.5 0.3 2.8
indicating that fine aggregate type Group 2 SSD 9 17.7 0.6 6.3
had a slight influence on Manufactured oD 10 19.0 0.3 3.2
performance. This is likely due to Sand AD 11 21.2 0.5 4.2
the particle shape and gradation of SSD 12 175 0.1 1.2
manufactured sand. The manufactured sand is a Table 8. 1-Day Compressive Strength Results Irrespective of
crushed stone, resulting in greater angularity in the Moisture Condition —
particle shape. In contrast, the natural sand is less ; Standar
angular and has a rounder, smoother particle shape. g?gcln;ng Aggregate Type A(\ngge Deviation R(%Q)?e
Therefore, the roughness of the manufactured sand (MPa)
Table 9. 1_—Day Compressive Strength Res_,ults Group 1 '\N/I?#L:?;iz?g d 18.5 2.8 37
Irrespective of Aggregate Type or Batching 19.7 4.1 56
Group Sand
Aggregate  Average Standard Range . , Naturf]ill Sandd 17.9 1.2 18
o r
Condition  (MPa) Df,‘\’,'lgt;;’” (%) ot 2”;3“ acture 19.2 15 22
oD 18.1 1.4 26 results in greater mechanical interlock and more surface area for
AD 21.8 23 37 bonding, thereby vyielding greater compressive strengths than the
SSD 16.7 1.2 23 natural sand. Similar differences have been noted in the literature based

on aggregate type (e.g., [27]-[33]), which has been argued to be
resultant from aggregate shape, surface texture, elastic modulus, physical bonding, and/or chemical bonding.

As compressive strength is significantly influenced by the w/cm ratio [34]-[36], it should be expected that changes to
the local w/cm ratio, such as due to the aggregate moisture condition in Group 1 batching, should also affect compressive
strength. Indeed, Table 9 and Table 10 demonstrate that aggregate moisture condition, regardless of the batching method,
did affect the compressive strength. Specifically, the SSD condition yielded the lowest average strength but also the lowest
variability, indicating that SSD conditions would be the most reliable for predictable strength. While OD and AD aggregates
yielded greater average compressive strengths than SSD, there was also greater variability. The compressive strength trends
in Table 9 and Table 10 indicate a rank of increasing strength of: SSD < OD < AD. These trends are also consistent with the
literature (e.g., [9]). The comparability of the aggregated Group 1 results in Table 10 are somewhat limited: since the
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aggregate moisture condition was not accounted for in Group 1, both the w/cm and s/c ratios are not equal across mixtures.
However, since the Group 2 results did account for aggregate moisture condition, the w/cm and s/c ratios are constant across
all mixtures. Regardless, both groups indicate the same rank of increasing strength with SSD aggregates yielding the lowest

variability. . .
ariability Table 10. 1-Day Compressive Strength Results Irrespective of

Aggregate Type

3.4 Discussion of Moisture Content Effects

As presented in the Introduction, the aggregate moisture  Batching  Aggregate Average ggi?gggg Range
condition and how it is accounted for during batching can  Group Condition  (MPa) (MPa) (%)
affect workability, workability loss, strength development, oD 183 17 5
ultimate strength, interfacial transition zone, etc. The ' '
primary concern appears to often be sourced from aggregates Group 1 égD ig? iz ig
in an OD condition, and the effects appear to be exasperated : :
as the absorption capacity of the aggregate increases. Indeed, oD 17.8 1.5 16
the OD aggregate condition will still absorb moisture, except Group 2 éSDD igg ég 162

that the moisture is taken from the hydrating cement paste,
which has been shown to be detrimental to the interfacial transition zone (e.g., [9], [11], [14]), workability loss (e.g., [13],
[19]), strength development (e.g., [6], [10], [13]), etc., as it will alter the local w/cm ratio.

Even if the batching water is modified to accommodate the moisture to be absorbed by the aggregate, it is possible that
the OD aggregate will not absorb all of the intended moisture before the cementitious matrix sets, which would therefore
alter the local w/cm ratio. For instance, Alhozaimy [6] showed that a limestone with around 1.3% to 1.9% absorption capacity
will only absorb up to 75% to the added water, leaving the other 25% as “free” water that will unintentionally increase the
wi/cm ratio. This issue is particularly highlighted as problematic for highly absorptive or heterogeneous aggregates, since it
is difficult to actually predict the amount of moisture absorbed by the aggregate during mixing [37]. Furthermore, different
aggregate types and size fractions will absorb moisture at different rates [38]. Therefore, based on the findings presented in
this study and the potential to unintentionally affect the design w/cm ratio, it is advisable to consider at least partially saturated
aggregates for any application where strict quality control of the mortar fresh properties is needed.

4. Conclusion

The objective of this study was to evaluate the influence of aggregate moisture condition, aggregate type, and batching
methodology between two fine aggregates on the fresh and early age properties of a mortar currently used in additive
manufacturing. Specifically, the mortar flow, setting time, and 1-day compressive strength was evaluated for mortars with
two aggregate types, with aggregates at three different moisture conditions, and two batching methodologies (e.g., whether
or not the aggregate moisture conditions was accounted for). While mortar flow, setting time, and early compressive strength
are not the only concerns for mortar fresh properties, they can serve as qualitative indicators as to how different mortars will
perform, such as in terms of relative reliability, consistency, and predictability.

In additive manufacturing, control of the fresh properties is very important to ensure that the mixture meets the required
timeframe of constructability. Therefore, the fresh properties need to be designed such that the behaviour and performance
of the mixture can be predicted and accommodated. This study clearly demonstrated the importance of aggregate type,
moisture condition, and absorption capacity and the need to properly account for aggregate moisture during batching. The
results demonstrated that the least amount of variability in performance was for aggregates in a saturated surface dry
condition. For instance, the setting time standard deviation was decreased by 77% for aggregate at saturated surface dry vs.
oven dry condition, regardless of the batching method. The results also demonstrated that the least amount of variability in
performance was for mixtures batched properly to accommodate the aggregate moisture condition and absorption capacity,
regardless of the aggregate moisture condition at the time of batching. For example, this was demonstrated by 57% and 63%
decreases in the standard deviation for 1-day compressive strength for natural sand and manufactured sand fine aggregates,
respectively, when the aggregate moisture was accounted for during batching.
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Therefore, based on the data presented, it is recommended that cement mortar or concrete mixtures used in additive
manufacturing should design and accommaodate the moisture condition of the aggregate to optimise the predictability of the
fresh and early-age properties. Moreover, these results are relevant to any construction scenario where mortar fresh properties
are important (e.g., grouts for prestressed concrete tendons).
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