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14
15 � The use of pre-soaked recycled fine aggregate (RFA) slightly reduced the consistency of masonry mortars.
16 � Pre-soaking increased the compressive strength of masonry mortar.
17 � Only mortars with pre-soaked RFA matched the compressive strength of the control mortar.
18 � Using RFA without increasing total water content gave greater compressive strength than natural aggregate mortars.
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a b s t r a c t

34The main aim of this study has been to determine the influence of pre-soaked recycled fine aggregate
35(RFA) on the properties of masonry mortar. A control mortar and six mortar series were prepared in
36which 25%, 50%, 75% and 100% natural aggregate (NA) was replaced with pre-soaked or non-pre-soaked
37RFA. Total water content of the recycled mortars was equal to or greater than that of the control mortar.
38The results show that pre-soaking slightly reduced the consistency of the mortar while improving bulk
39density (in both the fresh and hardened state) and air content, particularly with total NA substitution;
40compressive and flexural strength were increased with all RFA ratios. Therefore, the pre-soaking method
41of masonry mortar manufacture can help reduce the absorption capacity of these aggregates and improv-
42ing recycling.
43� 2014 Published by Elsevier Ltd.
44

45

46

47 1. Introduction

48 The construction industry can help improve the environment by
49 reusing and recycling construction and demolition waste (C&DW),
50 which would in turn reduce both landfill volumes and consump-
51 tion of raw materials [1–3]. In this regard, the use of recycled
52 aggregate (RA) from C&DW in different building [4–7] and civil
53 engineering [8–10] projects would make a major contribution to
54 the sustainable development of the construction industry, even
55 though the coarse fraction of the RA is usually used in these appli-
56 cations. Recycled fine aggregate (RFA) is composed of natural
57 aggregate (NA) bonded with cement mortar, which reduces the
58 density and increases the water absorption capacity with respect
59 to NA [4,11–12]. These properties are detrimental to concrete
60 and mortar quality because they directly affect the water/cement

61ratio (w/c), giving poor fresh state consistency and workability,
62and also affecting the mechanical performance in the hardened
63state [13]. As a result, most international regulations forbid the
64use of RFA in concrete [14]; however, there are no prohibitions
65on its use in mortar.
66The workability of mortar is determined by its consistency, and
67must be suitable for each specific on-site application. A suitable
68workability is achieved when a plastic consistency is obtained with
69the addition of the required amount of water, thus enabling the bin-
70der paste to cover the surface of the aggregate [13]. When the RFA
71absorbs part of the mixing water consistency is impaired, and this
72in turn affects workability. Bektas et al. [15] used RFA as a replace-
73ment for NA in mortar at a constant w/c ratio, and this had a nega-
74tive effect on the flow of the mortar. However, incorporating 30%
75RFA to their study mixture provided enough workability and good
76consolidation, depending on the proportions used in the mixture.
77One way to reduce the absorption capacity of the RA is to
78increase the amount of mixing water [12,16–20]. Corinaldesi and
79Moriconi [16] and Jiménez et al. [18], for example, increased the
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80 volume of mixing water to achieve the required mortar consis-
81 tency. Leite et al. [19] evaluated the compensation index of RA
82 water absorption rates (60%, 70%, 80% and 90%) and concluded that
83 in the case of recycled concrete an index of between 80% and 90%
84 would be satisfactory for both workability and compressive
85 strength. Several authors pre-soaked RA before use, keeping mix-
86 ing water constant [21–24]. Barra de Oliveira and Vázquez [21]
87 and Poon et al. [23] note the impaired strength of concretes made
88 with saturated RA, concluding that at higher saturation levels the
89 mechanical bonding between the cement paste and the RA is
90 weakened, and that semi-saturated RA improved performance.
91 Finally, Etxeberría et al. [24] used pre-soaked RA with 80% of total
92 absorption capacity, obtaining an efficient interfacial transition
93 zone (ITZ) between RA and new cement paste.
94 The presence of larger amounts of adhered cement mortar in
95 RFA increases absorption with respect to coarse RA; pre-soaking,
96 therefore, could improve the manufacture of mortars. Some
97 authors reported using RFA in the manufacture of masonry mortars
98 by increasing mixing water [12,16–18], however the use of pre-
99 soaked RFA has not been studied in depth. Consequently, the main

100 objective of this study was to analyse the influence of pre-soaked
101 RFA on the behaviour of masonry mortars in the fresh and hard-
102 ened state in order to manufacture strong mortars with sufficient
103 plasticity to be used in construction.

104 2. Materials and methods

105 2.1. Materials

106 Mortar samples were manufactured according to the dosage recommendations
107 for commercial masonry mortar provided by ARGOS D.C. The components used are
108 described below:

109 � Cement. The cement used in this study was CEM II/A-L 42.5 R.
110 � Additive. A commercial air-entraining plasticizing admixture (RHEOMIX 932)
111 was used to improve workability.
112 � Filler. A BETOCARB P1-DA limestone filler was added to the aggregate to adjust
113 the fineness modulus.
114 � Aggregate. Two types of aggregate were used in this study: a dolomitic NA pro-
115 duced in a local quarry in Padul (Granada, Spain), and a RFA produced in a
116 C&DW treatment and recovery plant located in Alhendín (Granada, Spain).
117 RFA was obtained from RA from civil engineering concrete waste, the compo-
118 nents of which, determined according to EN 933-11 [25], included: 87% con-
119 crete, 7.5% NA, 2.5% brick, 1.6% asphalt and 0.2% others impurities. Table 1
120 summarizes the physical, mechanical and chemical properties and standards
121 used to determine the properties of the aggregate according to EN 13139 [26]
122 specifications for mortar aggregates. Fig. 1 shows the particle size distribution
123 of the aggregates, analysed in accordance with Standard EN 933-1 [27]. The
124 Spanish National Association of Mortar Manufacturers (Asociación Nacional
125 de Fabricantes de Morteros-AFAM-) recommends a larger amount of fines
126 [13] (see ideal aggregate (IA) curve in Fig. 1), so it was necessary to add lime-
127 stone filler to correct the fineness modulus of NA and RFA to nearer 2.23, result-
128 ing in the corrected curves in Fig. 1 used for this study.

129

1302.2. Methods

1312.2.1. RFA pre-soaking method
132A pre-soaking method was used for RFA, and consisted in mixing it with water
133before adding it to the other dry components of the mortar (natural aggregate,
134cement and additive). The pre-soaking water and the RFA were mixed in the mixer
135at a slow speed for 5 min. Subsequently, the pre-soaked RFA was left to rest for
13610 min.
137Four pre-soaking methods were used, one based on the literature consulted and
138the other three proposed specifically for this study, varying the amount of pre-soak-
139ing water used with the RFA. The methods used are described below (Table 2):

140– PS-100 Method. The RFA was pre-soaked in a volume of water equivalent to its
141full absorption capacity (WA24h).
142– PS-80 Method. Proposed by Etxeberría et al. [24], the RFA was pre-soaked in 80%
143of its WA24h.
144– PS-92 Method. The RFA was pre-soaked in 92% of its WA24h; this was the water
145absorbed during a 10-min period (WA10min) (Table 1), which according to other
146authors [5,20] is the volume of water absorbed by the RFA during mixing.
147– PS-67 Method. Pre-soaking water was 2/3 of the total absorption capacity of RFA,
148corresponding to 67% of WA24h.
149

1502.2.2. Mortar samples
151Six masonry mortar series with various substitution ratios (25%, 50%, 75% and
152100%) of NA by RFA by mass and a control mortar to be used as a reference were
153manufactured for this study (Table 3). Mortar samples were assigned the name of
154the series and the RFA content ratio. Mortar components were dosed by weight
155according to the manufacturer’s directions to obtain a dry mass of 3 kg for a type
156M-5 compressive strength mortar according to EN 998-2 [32] (Table 4). The same
157mixing procedure, according to EN 1015-2 [33], was used to manufacture all the
158mortar series. This included the following steps: (i) solid components (including
159pre-soaked RFA according to the process described in Section 2.2.1 above) were
160mixed to obtain a dry homogeneous mixture; (ii) mixing water was poured into
161the mixer container; (iii) solid components were added to the water and (iv) all
162components were mixed for 90 s at low speed.
163Three groups of series were manufactured according to the literature (A0, B0,
164C0), differing in the amount of mixing water, total water and RFA moisture (non-
165pre-soaked or pre-soaked RFA). Some of the foregoing methods were modified to
166identify new test conditions, resulting in series A1, C1 and C2. For all mortar series,
167the total water was pre-soaking water plus mixing water, while the effective w/c

Table 1
Properties of NA and RFA.

Property Standard Limit value NA RFA

Aggregate size EN 933-1 [27] No limit 0/2 0/2
Fines content (%) EN 933-1 [27] 630 8.71 3.36
Fineness modulus EN 13.139 [26] 2.43 2.49
Sand equivalent (%) EN 933-8 [28] No limit 71 99
Dry sample density (g/cm3) EN 1097-6 [29] No limit 2.82 2.63
Water absorption (WA24h) (%) EN 1097-6 [29] No limit 1.3 6.3
(WA10min) (%) 5.8
Water-soluble chlorides (%) EN 1744-1 [30] 60.06 0.003 0.014
Acid soluble chlorides (%) EN 1744-5 [31] No limit 0.009
Acid soluble sulphates (%) EN 1744-1 [30] 60.8 0.3 0.58
Total sulphur (%) EN 1744-1 [30] 61 61 0.66
Humus content (%) EN 1744-1 [30] No limit Exempt Exempt
Light organic impurities (%) EN 1744-1 [30] No limit Exempt Exempt

Fig. 1. Particle size distribution of aggregates.
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168 ratio was determined by subtracting the water absorbed by NA and RFA according
169 to its WA24h (Table 1) from the total amount of water. The mortar series are sum-
170 marised in Table 3 and described below:

171 – The control mortar was made with 14% of the mixing water used as a reference
172 for manufacturing the remaining series.
173 – Series A0 and A1 were manufactured with the same total water content as the
174 control mortar (14%) irrespective of the amount of RFA added, according to
175 Bektas et al. [15]. As a result, the total w/c ratio of these mortars was the same
176 as the control mortar, while the effective w/c ratio decreased as the amount of
177 RFA increased. As a new condition, in the A1 series pre-soaked RFA according to
178 the PS-100 method was used; the pre-soaking water volume was subtracted
179 from the total water.
180 – In series B0, the amount of mixing water was increased as RFA content
181 increased, as some authors have reported [12,16–18]. As the RFA in this series
182 was not pre-soaked, the total water amount is equal to the mixing water. The
183 total w/c ratio was greater than the control mortar, while the effective w/c ratio
184 remained the same.

185– Following the guidelines of Etxeberría et al. [24], series C0 was made according
186to the PS-80 method. The new conditions modified the amount of pre-soaking
187water; in series C1 and C2 the PS-92 and PS-67 pre-soaking methods were used,
188respectively. In these series, the amount of mixing water was that of the control
189mortar (14%), the total w/c ratio increased as RFA was added, while the effective
190w/c ratio varied slightly.
191
192Since the main objective of this study was to obtain mortars with good consis-
193tency, the manufacturing process was conducted as follows: First, the control mor-
194tar consistency was determined according to EN 1015-3 [34], giving reference value
195153 ± 10 mm. Series A0 and A1 were manufactured using the same total water as
196the control mortar (14%); higher RFA content, therefore, caused significant consis-
197tency impairment (105 mm), and no more than 50% of NA could be replaced. To
198achieve good consistency it was necessary to increase the w/c ratio of the mortar
199as RFA content increased by increasing the amount of mixing water (series B0) or
200using pre-soaked RFA and constant mixing water (series C0, C1 and C2); series
201C1and C2 were manufactured using the highest and lowest total w/c ratio, respec-
202tively, while it was similar for series B0 and C0 (Table 4).

2032.2.3. Testing methods
204The masonry mortars were evaluated in the fresh and hardened state. The prop-
205erties studied, the standards applied and limits established are summarized in
206Table 4. To obtain the average value according to test standards for each mixture
207and property, two samples were tested for fresh mortar and three
20840 � 40 � 160 mm prisms were tested for hardened mortar after a curing period
209of 28 days. A further three specimens were tested for compressive and flexural
210strength after each mixture had been cured for 7 days (see Table 5).

2113. Results and discussion

212The results of the tests are summarized in Table 6 and Figs. 2–13,
213and are analysed and discussed below.

Table 2
Characteristics of the pre-soaking methods used.

Pre-soaking method Pre-soaking water Reference

% of WA24h Valuea(%)

PS-100 100 6.30 b

PS-80 80 5.04 [24]
PS-92 92 5.80 b

PS-67 67 4.22 b

a By dry mass (g) of RFA added.
b Proposed by this study.

Table 3
Masonry mortar manufacturing process.

Mortar Series RFA content (%) Pre-soaking method Mixing water (%) Total water (%) Reference

Control 0 – 14 14 Manufacturer’s Masonry Mortar Dosage
A0 25/50a – 14 14 [15]
A1 25/50a PS-100 14 � PSWb 14 d

B0 25/50/75/100 – 14 + Xc 14 + X [12,16–18]
C0 25/50/75/100 PS-80 14 14 + PSW [24]
C1 25/50/75/100 PS-92 14 14 + PSW d

C2 25/50/75/100 PS-67 14 14 + PSW d

a Mortar samples with 75 and 100% replaced NA were not workable.
b RFA pre-soaking water determined according to the pre-soaking method used.
c Water required (according to the amount of RFA) to reach the same consistency (±10 mm) as the control mortar.
d New conditions tested.

Table 4
Dosage table of mortars studied.

Mortar NA (g) RFA (g) Filler (g) Cement (g) Additive (g) Pre-soaking water (g) Mixing water (g) Total water (g) Total w/c Effective w/c
Mix proportions – dry weight (3 kg)

Control 2430 0 270 300 3 0 420 420 1.400 1.295
A0–25 1836 594 270 300 3 0 420 420 1.400 1.196
A0–50 1215 1215 270 300 3 0 420 420 1.400 1.092
A1–25 1836 594 270 300 3 37 383 420 1.400 1.196
A1–50 1215 1215 270 300 3 77 343 420 1.400 1.092
B0–25 1836 594 270 300 3 0 450 450 1.500 1.296
B0–50 1215 1215 270 300 3 0 480 480 1.600 1.292
B0–75 594 1809 297 300 3 0 510 510 1.700 1.294
B0–100 0 2403 297 300 3 0 540 540 1.800 1.295
C0–25 1836 594 270 300 3 30 420 450 1.500 1.295
C0–50 1215 1215 270 300 3 61 420 481 1.604 1.296
C0–75 594 1809 297 300 3 91 420 511 1.704 1.298
C0–100 0 2403 297 300 3 121 420 541 1.804 1.299
C1–25 1836 594 270 300 3 34 420 454 1.515 1.310
C1–50 1215 1215 270 300 3 70 420 490 1.635 1.327
C1–75 594 1809 297 300 3 105 420 525 1.749 1.344
C1–100 0 2403 297 300 3 139 420 559 1.864 1.360
C2–25 1836 594 270 300 3 25 420 445 1.484 1.279
C2–50 1215 1215 270 300 3 51 420 471 1.571 1.263
C2–75 594 1809 297 300 3 76 420 496 1.655 1.249
C2–100 0 2403 297 300 3 101 420 521 1.738 1.233
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214 3.1. Fresh mortar

215 3.1.1. Consistency
216 Fig. 2 shows the consistency, total w/c ratio and effective w/c
217 ratio of the series tested and the limit of plastic consistency. We
218 observed that consistency was impaired when RFA content
219 increased. All mortar series achieved plastic consistency (140–
220 200 mm) except mortar samples with the same total w/c ratio as
221 the control mortar and 50% of RFA (series A0 and A1). The high
222 water absorption capacity of RFA significantly reduced the effec-
223 tive w/c ratio, which affected mortar consistency. According to
224 Bektas et al. [15] increased RFA content caused the excessive
225 reduction of consistency observed in these series, up to 31% less
226 in the A1 series (PS-100) with respect to the control mortar.
227 We also noted a decline in the consistency of mortars manufac-
228 tured with a greater total w/c ratio than the control mortar as the
229 substitution of NA by RFA increased (Series B0, C0, C1 and C2).
230 The same trend has been noted by other authors [12,16–17,19],
231 and according to Wong et al. [40] mixtures produced with angular
232 and rough-textured particles, such as RA, tend to interlock and
233 reduce inter-particle movement. Additionally, more uniform parti-
234 cle size distribution could have been detrimental to consistency due
235 to particle packing [41]. The greater the RFA content, therefore, the
236 worse the consistency. Also mortars manufactured using pre-
237 soaked RFA had slightly lower consistency values than those made
238 using non-pre-soaked RFA. This, according to Poon et al. [23] could
239 be the result of adding a greater volume of water to the mix to obtain
240 a consistency similar to that of the control mortar when RFA was not
241 pre-soaked. The pre-soaking method reduced the amount of free
242 water in the mix, indicating that the consistency of mortar was
243 strongly dependent on the initial free water content. If we compare
244 the mortar series with the same total w/c ratio (B0 and C0), consis-
245 tency values were up to 3% lower when pre-soaked RFA was used
246 (series C0). In pre-soaked RFA series, increasing the volume of
247 pre-soaking water improved consistency (series C1, PS-92).
248 We can conclude, therefore, that consistency of fresh mortar is
249 impaired when both RFA and pre-soaked RFA is added, and
250 improves as the total w/c ratio is increased.

251 3.1.2. Bulk density of fresh mortar
252 The bulk density values, total w/c ratio and effective w/c ratio of
253 mortar series are shown in Fig. 3. We observed that mortars man-
254 ufactured using the same total w/c ratio as that used in the control
255 mortar achieved similar bulk density values as the control mortar.
256 Bulk density was even slightly higher (between 0.5% and 3%) when
257 50% NA was replaced by RFA (A0–50 and A1–50). This could be due
258 to the fact that the RFA contains a far greater number of particles
259 for the same volume of mortar due to its lower dry sample density
260 with respect to NA, resulting in a more compact mortar. The reduc-
261 tion in the effective w/c ratio caused by increasing the RFA content
262 was also a contributing factor. In terms of the amount of RFA
263 added, bulk density values were considerably higher (between
264 1% and 2.5%) when pre-soaked RFA was used (series A1, PS-100).

265We also observed that bulk density values fell as total w/c ratio
266and RFA content increased. In this case, increasing total water vol-
267ume in mortars to achieve the required consistency as a result of
268adding RFA caused bulk density values to fall with respect to the
269control mortar. These results were consistent with other studies
270[12,17–18] that showed that the bulk density of fresh mortar
271decreased when NA was replaced by RFA due to the increase in
272water content; a higher proportion of water in the mortar makes
273it lighter. These mortar samples (B0, C0, C1 and C2) achieved sim-
274ilar bulk density values for the same RFA content except for the
275case of total NA replacement, where the worst value was obtained
276in mortar manufactured using non-pre-soaked RFA (B0–100), 9.1%
277lower than the series using pre-soaked RFA (C0–100, PS-80). This
278could be due to the combined effect of pre-soaking and RFA parti-
279cle size: (i) pre-soaking the RFA minimised the volume of free
280water in the mixture; (ii) the more uniform particle size of RFA
281allowed for better binding when NA was wholly replaced, com-
282pared to those cases of partial replacement. The higher bulk den-
283sity values of the series manufactured using pre-soaked RFA
284correlated to the least amount of pre-soaking water, and therefore
285to the lower total w/c ratio (series C2, PS-67).
286The relationship between bulk density and total w/c ratio was
287confirmed by the good regression correlation index (Fig. 4).
288Based on the results obtained, therefore, we can conclude that
289fresh mortar bulk density values increase with the pre-soaking
290method when NA is totally replaced, and fall as the total w/c ratio
291is increased with the incorporation of RFA.

2923.1.3. Air content of fresh mortar
293The air content of the mortar is important to achieve good dura-
294bility and mechanical strength. Adequate air content enables the
295mortar to withstand freeze–thaw cycles without disrupting the
296matrix. However, excessive air gradually impairs mechanical
297strength. Air content, therefore, should remain within appropriate
298values. Although European Standard EN 998-2 [32] does not set
299specific limits for air content values, some references include rec-
300ommendations in this regard, and the values put forward by
301Bustillo [42] (between 5% and 20%) have been taken as a reference
302for this study.
303The air content values, total w/c ratio and effective w/c ratio for
304mortar series are show in Fig. 5. The recommended values were
305attained by all mortars with up to 50% added RFA.
306The mortar series with the same total w/c ratio as the control
307mortar (series A0 and A1) achieved similar air content as the con-
308trol mortar, and values fell (between 3.5% and 7.1%) when 50% NA
309was replaced with RFA. These results can be explained by the
310reduction in the effective w/c ratio. The use of pre-soaked RFA
311(series A1, PS-100) reduced air content slightly (3.7%). These
312results confirm the bulk density compactness of the fresh mortar.
313The rise in the total w/c ratio resulting from the incorporation of
314RFA led to an increase in air content values. Based on the results
315obtained by others authors [19,43], we observed a clear influence
316of w/c ratio on the air content of the mortar, resulting in mortar

Table 5
Properties of masonry mortars studied, standards applied and limits established.

Properties Test standard Limits Reference

Fresh state Consistency EN 1015-3 [34] Dry (<140 mm) EN 1015-6 [35]
Plastic (140–200 mm)
Fluid (>200 mm)

Bulk density EN 1015-6 [35] – –
Air content EN 1015-7 [36] – –

Hardened state Dry bulk density EN 1015-10 [37] – –
Compressive and flexural strength EN 1015-11 [38] fc 28-day P 5 N/mm2 (MPa) (M5 Mortar) EN 998-2 [32]
Water absorption coefficient due to capillary action EN 1015-18 [39] – –
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317 with a high total w/c ratio and high air content. In these mortar
318 series (B0, C0, C1 and C2) we also observed that mortars with the
319 same RFA ratio reached similar air content values, except for total
320 replacement of NA: the poorest value was achieved with the non-
321 pre-soaked RFA mortar (B0–100), where air content rose by 13%
322 with respect to C0–100 (PS-80). The lowest air content values in
323 pre-soaked series corresponded to the least amount of pre-soaking
324 water (series C2, PS-92).
325 The relationship between air content and total w/c ratio was
326 confirmed by the good correlation index (Fig. 6).
327 Based on the bulk density results obtained for fresh mortar, it is
328 reasonable to conclude that the air content of fresh mortar
329 decreases with the pre-soaking method when NA is totally
330 replaced, and increases as total w/c ratio and RFA content increase.

331 3.2. Hardened mortar

332 3.2.1. Dry bulk density
333 The dry bulk density values, total w/c ratio and effective w/c
334 ratio for all the mortar series studied are shown in Fig. 7. Hardened
335 mortar showed the same tendency as bulk density and air content
336 of dry mortar: dry bulk density values increased slightly (between
337 1.7% and 4.4%) after 50% RFA incorporation in mortars with the
338 same total w/c ratio as the control mortar (Series A0 and A1).
339 The highest value was obtained when using the pre-soaked RFA
340 (series A1–50, PS-100).
341 The increase in total w/c ratio when RFA is added, reduced dry
342 bulk density values in mortar series (B0, C0, C1 and C2), according
343 to the literature consulted [12,17–18]. Mortars with the same
344 amount of RFA had similar values except when NA was totally
345 replaced by pre-soaked RFA; in C0–100 (PS-80) dry bulk density
346 increased by 9.7% with respect to B0–100, which confirmed the
347 bulk density and air content trend in fresh mortar. Increasing the
348 amount of pre-soaking water decreased the dry bulk density in ser-
349 ies manufactured using pre-soaked RFA (series C1, PS-92).
350 The relationship between dry bulk density and total w/c ratio is
351 shown in Fig. 8 by the good correlation index.
352 Fig. 9 shows the relationship between bulk density and dry bulk
353 density for all mortar series. We observed a linear relationship

354with a very good correlation index. The results show that dry bulk
355density is around 92% of the value of bulk density. Furthermore, we
356observed an inverse linear relationship between bulk density, air
357content and dry bulk density, with good correlation indexes
358(Fig. 10). The air content, therefore, increased as bulk density and
359dry bulk density decreased.
360Based on the results obtained for bulk density and air content of
361fresh mortar, it can be said that the dry bulk density of hardened
362mortar increased with pre-soaking when NA was totally replaced
363and decreased as the amount of total w/c ratio increased when
364RFA was added.

3653.2.2. Compressive and flexural strength of hardened mortar
366Compressive strength is the most important property of
367masonry mortars in their hardened state, since to a large extent
368it determines their durability; indeed, masonry mortars are classi-
369fied according to their compressive strength [32]. The compressive
370and flexural strength values of mortar series aged 7 and 28 days
371are shown in Table 6. Fig. 11 shows the compressive strength at
37228 days, total w/c ratio and effective w/c ratio of all mortar series
373together with the lower limit of compressive strength of a M5 mor-
374tar. We observed that the compressive strength of mortars manu-
375factured using the same total w/c ratio as the control mortar
376increased with the addition of RFA. The increase was significant
377(between 61.4% and 82.5%) when 50% of NA was replaced with
378RFA (series A0 and series A1) due to the reduction of the effective
379w/c ratio. In this case, when pre-soaked RFA was used (A1, PS-100)
380compressive strength was up to 13.2% higher than when non-pre-
381soaked RFA was used (A0). This can be explained because RFA
382absorbed a certain amount of free water during mixing, and this
383reduced the initial w/c in the interfacial transition zone (ITZ) and
384improved the interfacial bond between RFA and the new cement
385paste [24]. These compressive strength results were associated
386with dry consistency values, high bulk density and dry bulk density
387and low air content, therefore, the compactness of the mortars was
388further confirmed by their compressive strength. The results
389obtained confirm that the addition of RFA does not have a negative
390effect on compressive strength, as reported by Bektas et al. [15]

Table 6
Tests results of mortars.

Mortar
series

Fresh state Hardened state

Consistency
(mm)

Bulk density
(kg/m3)

Air
content
(%)

Dry bulk
density (kg/m3)

Compressive and flexural strength (MPa) Water absorption coefficient due to
capillary action (kg/(m2 min0.5))

ff 7-day fc 7-day ff 28-day fc 28-day

Control 153 1960 14.0 1800 1.9 4 2.6 7 0.700
A0–25 143 1920 14.5 1800 2.2 4.9 3.5 8.7 0.605
A0–50 120 1970 13.5 1830 2.7 6.2 3.8 11.3 0.543
A1–25 142 1940 14.0 1790 2.0 4.1 2.8 8.1 0.654
A1–50 105 2020 13.0 1880 2.7 8.0 3.9 12.8 0.461
B0–25 154 1850 16.5 1660 1.5 3.0 2.1 4.6 0.683
B0–50 153 1700 19.0 1550 1.0 2.1 1.6 3.7 0.652
B0–75 151 1630 20.0 1440 1.0 1.5 1.3 2.6 0.717
B0–100 148 1530 22.5 1340 0.8 1.5 1.2 3.0 0.680
C0–25 154 1850 16.5 1680 1.4 3.0 2.1 5.5 0.736
C0–50 149 1710 19.0 1600 1.1 2.0 1.6 4.1 0.671
C0–75 148 1640 20.0 1460 1.1 1.9 1.5 3.0 0.697
C0–100 143 1670 19.5 1470 1.2 2.3 1.6 4.5 0.732
C1–25 156 1840 17.0 1670 1.4 2.9 2.2 5.6 0.776
C1–50 154 1680 20.0 1560 1.1 2.0 1.6 3.9 0.731
C1–75 151 1610 20.5 1450 0.9 1.6 1.4 3.1 0.788
C1–100 144 1560 21.5 1410 0.7 1.3 1.4 3.3 0.684
C2–25 153 1860 16.0 1710 1.4 3.1 2.2 6.3 0.693
C2–50 146 1730 18.5 1620 1.3 2.5 2.1 4.9 0.616
C2–75 143 1650 20.0 1580 1.3 2.3 1.9 4.8 0.585
C2–100 140 1680 19.5 1520 1.3 2.5 1.9 5.2 0.611
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391 who observed that replacing 30% of NA with brick aggregate did
392 not impair strength.
393 We also noticed, however, that the increased total w/c ratio fol-
394 lowing addition of RFA reduced the compressive strength of mortar
395 series (B0, C0, C1 and C2). According to Haach et al. [44], the

396increase of the total w/c ratio to maintain good mortar plasticity
397resulted in higher porosity, and in consequence, decreased com-
398pressive and flexural strength because the presence of water
399between the solid particles resulted in a higher percentage of
400empty space in hardened mortar. Corinaldesi and Moriconi [16]
401obtained similar results due to the lower density and higher water
402absorption of RFA compared with NA. Mortar series containing pre-
403soaked RFA were also observed to attain higher compressive
404strength values when compared to mortar series manufactured
405with non-pre-soaked RFA for all NA replacement ratios. In fact, if
406we compare series B0 and C0 (PS-80), we can see that compressive
407strength was as much as 50% higher when NA was totally replaced
408with pre-soaked RFA (C0–100) because, as indicated above, the use
409of pre-soaked RFA improved the interfacial bond between the RFA
410and the new cement paste [24]. The highest compressive strength
411values in series manufactured using pre-soaked RFA were obtained
412with the least volume of pre-soaking water (series C2, PS-92).
413The compressive strength value of the control mortar (>5 MPa)
414was matched by all mortars manufactured with the same total w/c
415ratio as the control mortar. In mortars manufactured with a higher
416total w/c ratio, this value was only obtained in mortars using 25%
417pre-soaked RFA, and even with the incorporation of 100% RFA in
418the C2 series. This means that, like the control mortar, they can also
419be given the M5 classification under EN 998-2 [32].
420Flexural strength values also improved in line with compressive
421strength values, as shown in Fig. 12. A linear relationship between
422parameters can be seen, with a very good correlation coefficient.
423According to the results, flexural strength is around 40% of com-
424pressive strength.
425After analysing the results obtained from the study mortars we
426can say that compressive strength increases as RFA content
427increases and also benefits from the pre-soaking method, but
428decreases as the total w/c ratio rises due to the addition of RFA.

4293.2.3. Water absorption coefficient due to capillary action of hardened
430mortar
431Water absorption due to capillary action should be as low as
432possible in order to prevent infiltrations resulting from ascension
433of capillary water that can seriously degrade the material. This
434depends on the capillary structure of the mortar; the more com-
435pact the mortar, the smaller the capillary network and the lower
436the absorption [13].
437Fig. 13 shows the water absorption coefficient due to capillary
438action values, total w/c ratio and effective w/c ratio. We observed
439that in mortars manufactured using the same total w/c ratio as
440the control mortar (series A0 and A1), the water absorption coeffi-
441cient values fell as more RFA content was added, particularly when
44250% of NA was replaced with pre-soaked RFA, as much as 34% less
443(series A1, PS-100). This could be explained by the greater number
444of particles in the RFA and the low effective w/c ratio of the mix-
445ture, which caused the cement paste to fill the pores, making the

Fig. 2. Consistency values, total w/c ratio and effective w/c ratio.

Fig. 3. Bulk density of fresh mortar, total w/c ratio and effective w/c ratio.

Fig. 4. Relationship between bulk density of fresh mortar and total w/c ratio.

Fig. 5. Air content of fresh mortar, total w/c ratio and effective w/c ratio.

Fig. 6. Relationship between air content and total w/c ratio.
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446 mortar more compact. Based on previous observations, this series
447 also achieved high compressive strength and density values (in
448 both the fresh and hardened state), and lower consistency and
449 air content values, giving the mortars a smaller capillary network.
450 We also observed that the increase in total w/c ratio resulted in
451 a slightly higher water absorption coefficient, irrespective of the
452 amount of RFA added and the humidity of the aggregate. Mortars
453 manufactured with the highest total w/c ratio (series C1, PS-92)

454had the highest water absorption coefficient values due to their
455increased porosity [45]. The fact that this was not affected by the
456amount of RFA content could be due to the nailing effect of the
457cement paste to the RFA (due to its porosity and rougher texture),
458since the pores that would otherwise contain water were occupied
459by cement paste [17]. The use of pre-soaked RFA did not affect the
460water absorption coefficient due to capillary action.
461An analysis of the results showed that the water absorption
462coefficient due to capillary action increased as the total w/c ratio
463increased, irrespective of the percentage of replacement NA and
464the degree of humidity of the RFA.

4654. Conclusions

466The use of RFA affects the properties of mortar in the fresh and
467hardened state compared to NA, due to the lower density and
468higher water absorption values of RFA. First, this study has evalu-
469ated the influence of adding RFA to masonry mortars without
470increasing the total w/c ratio over that of the control mortar made
471with NA, concluding it created an effective interfacial transition
472zone (ITZ) between the RFA and the cement paste, which in turn

Fig. 7. Dry bulk density, total w/c ratio and effective w/c ratio.

Fig. 8. Relationship between the dry bulk density and total w/c ratio.

Fig. 9. Relationship between bulk density and dry bulk density.

Fig. 10. Relationship between bulk density/air content and dry bulk density/air
content.

Fig. 11. Compressive strength at 28 days, total w/c ratio and effective w/c ratio.

Fig. 12. Relationship between flexural and compressive strength after 28 days.

Fig. 13. Water absorption coefficient values, total w/c ratio and effective w/c ratio.
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473 improved mechanical strength and reduced the water absorption
474 coefficient due to capillary action values with respect to the control
475 mortar; bulk density, air content and dry bulk density had similar
476 values to those obtained from NA mortars. However the addition of
477 RFA reduced the effective w/c ratio, which had a negative effect on
478 consistency since the RFA absorbed part of the mixing water, thus
479 giving a mortar with a dry consistency that made it impossible to
480 use when more than 25% of NA was replaced with RFA.
481 Increasing the total w/c ratio of recycled mortars in order to
482 improve consistency negatively affected other properties, for
483 example, bulk density (in both the fresh and hardened state), air
484 content of fresh mortar, compressive and flexural strength and
485 water absorption coefficient. Therefore, this study has analysed
486 the effect of the use of pre-soaked RFA in masonry mortars as well
487 as the quantity of water used for pre-soaking, with the objective of
488 achieving good plasticity without affecting the other properties,
489 mainly strength. We can conclude that the use of pre-soaked RFA
490 compared to non-pre-soaked RFA reduced only slightly the consis-
491 tency and air content of fresh mortar, and the capillary water
492 absorption coefficient values were similar when compared to mor-
493 tars manufactured with NA; however bulk density (in the fresh and
494 hardened state) and compressive and flexural strengths increased.
495 On the other hand, the ideal amount of pre-soaking water in partial
496 replacement of NA was 67% of WA24h RFA (PS-67), while in the case
497 of total replacement this increased to 80% of WA24h RFA (PS-80);
498 these values gave mortars plastic consistency and yielded good
499 results for the properties studied. The following justifies the fore-
500 going results:

501 � The pre-soaked RFA caused a slight reduction in mortar consis-
502 tency because there was less free water in the mix, and the con-
503 sistency of mortar is largely dependent on initial free water
504 content.
505 � The air content of fresh mortar made with pre-soaked RFA was
506 lower and bulk density (in the fresh and hardened state)
507 increased. These improvements were more noticeable in the
508 case of 100% replacement with pre-soaked RFA. This can be
509 explained because the uniform aggregate size of the RFA facili-
510 tated particle binding, which was more effective in the case of
511 total NA replacement.
512 � Compressive and flexural strength improved irrespective of the
513 amount of NA replaced. This is explained by improvement in
514 the ITZ between RFA and the new cement paste as a result of
515 using the pre-soaking method. In the case of mortars manufac-
516 tured using 25% pre-soaked RFA, compressive strength was
517 greater than 5 MPa, allowing the mortar to receive an M5 clas-
518 sification under EN 998-2; however, the same results were not
519 achieved with non-pre-soaked RFA.
520

521 The water absorption coefficient due to capillary action did not
522 vary significantly as a result of using pre-soaked RFA.
523 In consequence increasing the total water content of mortars
524 due to the high water absorption capacity of RFAs can be more
525 effective if the pre-soaking method is used. It can improve the per-
526 formance of mortar manufactured with RFA, thereby increasing the
527 recycling rate of C&DW. In practice, the pre-soaking method would
528 be feasible if the mixing method were changed to allow pre-soak-
529 ing of RFA before incorporating the remaining mortar components.
530 This would increase manufacturing time by 15 min (5 min for pre-
531 soaking and 10 min to rest).
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