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3 4
a b s t r a c t

35This research investigates the mechanical performance and dimensional stability of mortars whose bin-
36der is prepared by alkali activation of ground granulated SiMn slag. Two types of activators have been
37used: NaOH and waterglass solutions. Three different types of aggregates have been tested: silica sand,
38limestone sand, and recycled sand obtained from recycled concrete. Three activator concentrations have
39been adopted in the binder design: 3.0, 3.5 and 4.0% Na2O for NaOH solution; and 4.0, 4.5 and 5.0% Na2O
40for waterglass solutions with a constant SiO2/Na2O of 1.0. The best mechanical performance was obtained
41for an aggregate/slag ratio of 2/1 when silica sand was used as aggregate: 68 MPa were obtained when
42waterglass was used as activator, and %Na2O of 4.5–5.0% at 90 days; 54 MPa were obtained for NaOH
43as activator and 4.0% Na2O at 90 days. Limestone sand also offered a good mechanical performance
44although the maximum compressive strength achieved was about 25% lower than values obtained with
45silica sand, but recycled concrete aggregate mortars exhibited poor results, probably due to the high
46absorption of recycled aggregates. The higher shrinkage was registered in mortars activated with water-
47glass, although autogenous shrinkage was low for all types of activators and aggregates, except for recy-
48cled concrete aggregate.
49� 2018 Published by Elsevier Ltd.
50

51

52

53 1. Introduction

54 One of the most challenging concerns of our society lays on the
55 environmental problems derived from the actual human activities,
56 specifically those ones associated to our industrial production. In
57 this sense, cement industry has a significant impact in the carbon
58 dioxide emissions which is the main gas responsible of the green-
59 house effect and global warming. It is estimated that cement fabri-
60 cation produces a 6–7% of total carbon dioxide emissions to the
61 atmosphere [1]. Besides, although this industry efficiency is high,
62 it is also responsible of 2–3% of the primary energy consumption

63in the world [2]. To reduce these levels, the development of new
64binders with lower environmental hue has gained the attention
65of many research groups. Additionally the reuse of wastes is a tra-
66ditional strategy that has been adopted in the last decades and also
67pursuits the same goal: to obtain construction and building mate-
68rials that exhibit good performance and durability but spending
69lower quantities of natural resources [2–4].
70In present research, this strategy has been implemented by
71using an alkali activated binder instead of Portland cement, a waste
72material as substrate for the preparation of the binder, and also
73including finer fraction of recycled aggregate as sand in the fabri-
74cation of mortars. The waste material whose valorisation is pro-
75posed as raw material to design the alkali activated binder is a
76SiMn slag generated in the production of silico-manganese iron
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77 alloys. The global production of silico-manganese alloy in year
78 2016 was 12.5 million tons [5]. Typically the slag generation is
79 about 1.2–1.4 tons for every ton of SiMn alloy produced [6]. There-
80 fore, the slag generated is in the tune of 15.0–17.5 million tons per
81 year, so the amount is high enough to propose its reuse and valori-
82 sation. This SiMn slag presents a silico-calcic nature similar to blast
83 furnace slag, but with a different chemical composition: lower con-
84 tent of CaO and a significantly high proportion of MnO.
85 Chemical, mineralogical and pozzolanic characteristics pre-
86 sented by the SiMn slag enable its use for obtaining alkali activated
87 materials. Kumar et al. [6] studied the effect of the mechanical acti-
88 vation of the slag in the activation process, and it was evidenced
89 the potential of the SiMn slag to be activated with a sodium
90 hydroxide. Previously to the chemical process, the SiMn slag was
91 treated mechanically by different procedures (ball milling, attrition
92 milling and eccentric vibratory milling). As a result, different parti-
93 cle size distributions and different reactivity due to physico-
94 chemical changes in the mass and the surface of the particles were
95 obtained. Their results offered the following performance in the
96 terms of compressive strength of pastes after 28 days of curing
97 time: 24 MPa for ball milling samples, 66 MPa for attrition milling
98 specimens and 101 MPa for vibration milling conditions. Other
99 authors [7] pointed out that the high-energy milling was responsi-

100 ble for achieving this performance and therefore, the environmen-
101 tal benefits were reduced. In another study, air-cooled SiMn slag in
102 combination with fly ash has been used to develop an alkali acti-
103 vated binder, able to react at room temperature with NaOH as
104 reactant of the alkaline solution [8]. It was concluded that the addi-
105 tion of SiMn slag increased the system reactivity due to the addi-
106 tional contribution to the CaO content of the mix, so mechanical
107 properties were improved and lower porosity was obtained. How-
108 ever, once again, the main inconvenient was the long milling treat-
109 ment of the SiMn slag which reduced the environmental benefits of
110 the SiMn slag reuse. Navarro et al. [9] optimized the alkali activa-
111 tion process of the SiMn slag using a solution of waterglass (WG)
112 and the system was evaluated in terms of the mechanical perfor-
113 mance, the fluidity and the shrinkage behaviour of pastes. It was
114 concluded that a high enough compressive strength was obtained
115 (over 45 MPa), but the initial setting time was also very variable
116 (between 38 and 263 min) and very high total shrinkage in a 50%
117 relative humidity (RH) ambient was additionally registered (1.5–
118 3.0%).
119 As it has been previously indicated, one of the most explored
120 strategies to reduce the environmental impact of construction
121 and building materials is to reuse industrial by-products. Addition-
122 ally, the recycling of a wide variety of residues has also been suc-
123 cessfully implemented. Previous researches have used the alkali
124 activated systems with different types of recycled aggregates such
125 as waste polyethylene terephthalate (PET) granules [10], cupper
126 slags [11], bottom ash [12], construction and demolition residues
127 [13–15], expanded glass residue [16], crumb rubber from wasted
128 tyres [17], ceramic wastes [18], and some authors have specifically
129 demonstrated a good performance of fine recycled concrete aggre-
130 gate [19]. The combination of binders made with industrial wastes
131 together with recycled aggregates may produce materials with
132 adequate performance and low demand of natural resources
133 [18,20].

134The aim of this research is to evaluate the mechanical perfor-
135mance and dimensional stability of mortars whose binder is pre-
136pared by alkali activation of ground granulated SiMn slag using
137as activator sodium hydroxide and waterglass solutions, and incor-
138porating different types of aggregates: silica sand, limestone sand,
139and recycled sand obtained from recycled concrete. This study
140have reported the behaviour of SiMn slag to be used in a wide vari-
141ety of construction and building materials.

1422. Experimental

1432.1. Materials

144The substrate for the binder preparation was a ground granu-
145lated SiMn slag from the Ferroatlántica plant sited at Boo-de-
146Guarnizo (Cantabria, Spain). Table 1 shows the results of the chem-
147ical analysis obtained by X-ray fluorescence in a Philips Magic Pro
148spectrometer, model PW2400, which is equipped with rhodium
149tube and beryllium window. The determination was made using
150a pill sample under vacuum conditions. According to previous
151works [9] the slag basicity index is 0.73 and hydraulicity index is
1520.85, so this residue can be classified as an acid slag with moderate
153hydraulicity [21–23].
154The determination of the vitreous phase content by X-ray
155diffraction has been performed in a PANalytical diffractometer,
156model EMPYREAN. The complete identification and quantification
157have been determined by Rietveld method [24] using quartz as
158standard sample, MoKa1 radiation, a scan from 3 to 35 degrees
159(2h), for 5 h in 0.0113 degrees steps, at 50 kV and 50 mA. The
160resulting vitreous content of the slag was 96.0 ± 1.5%.
161The determination of reactive silica and insoluble residue of the
162SiMn slag was made according to standards UNE 80225-2012 and
163UNE 196-2-2014 [25,26]. The results provided a 3.35% of insoluble
164residue and a 33.80% of reactive silica.
165According to the slag chemical composition, its reactive silica
166content and its vitreous phase proportion, the alkali activation pro-
167cedure should be successfully implemented on this materials,
168which is also in accordance with previous studies [9,22,27].
169The granulated SiMn slag was ground in dry conditions using a
170laboratory ball mill Nanneti model SPEEDY 1 for 25 min. The fine-
171ness of the resulting ground slag was determined by the Blaine’s air
172permeability method [28], a value of 5512 cm2/g was obtained,
173which lays in the optimal range established by previous authors
174who concluded that the optimal fineness for acid slags similar to
175the one investigated in present research is in the range of 4500–
1766000 cm2/g [23]. Additionally, the particle size distribution of the
177slag has been measured by a laser diffraction equipment, using a
178Malvern Instruments, model Mastersizer 2000. The characteristic
179parameters resulting from this analysis were a DV,50 = 9.2 mm and
180D4,3 = 15.2 mm. The DV,50 is the size in microns that splits the vol-
181ume distribution with half above and half below this diameter.
182The D4,3 is the volume mean diameter.
183Alkaline solutions used to activate the SiMn slag were prepared
184with a commercial sodium silicate (Na2SiO3 (neutral solution QP,
185Panreac): SiO2/Na2O molar ratio = 3.28) and sodium hydroxide
186(technical grade, Panreac). Two different types of activators and
187three different activator concentrations have been tested in the

Table 1
Composition of the SiMn slag determined by X-ray fluorescence analysis.

Component SiO2 CaO MnO Al2O3 MgO Fe2O3 K2O Na2O SO3 N.D* L.O.I**

Mass % as oxide 36.53 29.10 12.23 9.86 4.69 0.92 1.08 0.34 2.77 2.48 �1.25

* N.D.: Not determined.
** L.O.I.: Loss on ignition at 950 �C for 1 h.
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188 experimental campaign: NaOH solution with a 3.0%, 3.5% and 4.0%
189 of Na2O; and a waterglass solution (WG) with a 4.0%, 4.5% and 5.0%
190 of Na2O. NaOH activating solutions was prepared by solving the
191 required amount of sodium hydroxide in distilled water. WG solu-
192 tion was fabricated by mixing sodium silicate and sodium hydrox-
193 ide in the appropriate quantities and the subsequent dilution of the
194 mix with distilled water. The SiO2/Na2O ratio of the WG solution
195 was set to 1.00. These activating solutions were selected according
196 to the particular findings of a previous research [9].
197 Three different types of fine aggregate were used to prepare the
198 mortars: silica sand, limestone sand and recycled sand coming
199 from the finer fraction of ground recycled concrete. All types of
200 sand were in accordance with the particle size distribution
201 required for mortar preparation according to E.M. de Fomento
202 (2010) [29]. Fig. 1 presents the particle size distribution of the
203 aggregates used in present research together with the limits
204 required. Although all of them accomplish the requirements, there
205 exist differences in term of their fineness and the content of parti-
206 cles under 63 mm that would explain their different influence on
207 other properties of the prepared mortars. Table 2 presents some
208 physical properties of the aggregates. Fineness modulus (FM) was
209 calculated according to UNE 146301:2002 [30], and water absorp-
210 tion and density were calculated according UNE-EN 1097:6/
211 A1:2014 [31].

212 2.2. Sample preparation and tests

213 Mortars were prepared with ground granulated SiMn slag, sand
214 and the calculated quantity of alkaline solutions. Samples were
215 prepared in a mixer Controls Automix, model 65-L0006/A for 4
216 min according to UNE EN 196-1 [32]. Four design variables in the
217 mortar dosage were considered: aggregate/slag ratio, type of
218 aggregate, type of activator and activator concentration (%Na2O).
219 Fig. 2 shows a scheme of the dosages prepared in present research.
220 As a result, 24 different mortars were fabricated to evaluate the

221influence of these four design variables on mechanical properties
222and shrinkage behaviour.
223Mortar workability (slump test): Mortar workability was deter-
224mined with the slump test according to UNE 1015-3 [33]. The mor-
225tar diameter was measured in four directions and the arithmetic
226mean taken as the final value.
227Flexural strength: Three 40 � 40 � 160 mm specimens for each
228mix were fabricated to test flexural strength. The samples were
229cured in 100% RH for 7, 28 and 90 days at 20 ± 2 �C and then tested
230using a hydraulic press following the standard EN 196-1 [32]. Each
231flexural strength value was obtained from the average value of the
232three tests.
233Compressive strength: Six 40 � 40� � 40 mm specimens for
234each mix given in the experimental work plan were tested on com-
235pressive strength. The samples were taken from the two resulting
236parts of a specimen previously broken in the flexural strength test.
237In that sense, specimens had been cured in 100% RH for 7, 28 and
23890 days at 20 ± 2202Fb0C and then tested using a hydraulic press
239following the standard EN 196-1 [32]. Each compressive strength
240value was obtained from the average value of the six tests.
241Shrinkage: Shrinkage of hardened mortars was tested following
242the Spanish standard UNE 80112 [34]. Four prismatic mortar spec-
243imens measuring 285 � 25 � 25 mm were prepared for each mix
244given in the experimental work plan. Two different storage condi-
245tions were applied to the fabricated mortars: two specimens were
246subjected to a 100% RH to monitor the evolution of the autogenous
247shrinkage and the other two specimens were stored at 50% RH to
248register the autogenous and drying shrinkage. Drying shrinkage
249was determined by the difference between the relative deforma-
250tion at 50% RH and 100% RH. The presented results are the average
251value of two specimens.
252Mercury intrusion porosimetry: The pore size distribution of
253mortars was determined by mercury intrusion porosimetry tech-
254nique. Both the total connected porosity and the pore size distribu-
255tion in the 0.0035–250 mm diameter range were obtained. An
256Autopore IV 9500 Micromeritics mercury porosimeter was used.
257The Hg pressure range was 0.5–33,000 psi (0.015–205 MPa).

2583. Results and discussion

2593.1. Fluidity and workability tests

260In order to obtain a material suitable to be used in real applica-
261tions, the first goal of this investigation was to establish a proper
262fluidity and workability time. With this aim, the samples should
263provide a minimum slump of 160 mm after 40 min from their
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Fig. 1. Particle size distribution of the aggregates.

Fig. 2. Scheme of the dosages adopted for the experimental procedure.

Table 2
Physical characteristics of the aggregates.

Type of aggregate Fraction under 63 mm (%) Fineness modulus Density (g/cm3) Water absorption (%)

Silica <0.1 3.8 2.5 0.2
Limestone 2.0 4.5 2.6 1.7
Recycled 3.4 4.1 2.4 6.6

R. Navarro et al. / Construction and Building Materials xxx (2018) xxx–xxx 3

JCBM 13480 No. of Pages 11, Model 5G

17 July 2018

Please cite this article in press as: R. Navarro et al., Mechanical properties of alkali activated ground SiMn slag mortars with different types of aggregates,
Constr. Build. Mater. (2018), https://doi.org/10.1016/j.conbuildmat.2018.07.093

https://doi.org/10.1016/j.conbuildmat.2018.07.093


264 preparation. Several s/s ratios were tested for each aggregate, type
265 of activator and aggregate/slag ratio. Table 3 presents the selected
266 s/s ratio which accomplished the imposed requirements and Fig. 3
267 shows the evolution of slump in the selected samples. These
268 results were obtained with the lower concentration of Na2O for
269 each type of activator. It was checked that the slumps were not sig-
270 nificantly affected within the %Na2O range used in this work. How-
271 ever, for high %Na2O, the setting process of the slag was more rapid
272 accordingly to other authors’ results [23]. On the other hand, in
273 general terms, it was observed that the use of WG implied higher
274 initial mortar fluidity but it decreased more quickly than for mor-
275 tars prepared with NaOH. This trend has been previously reported
276 and it is explained by the influence of the anion of the activation
277 solution, which is responsible of the setting evolution, and being
278 the silicate a setting accelerator [35–37]. For that reason, mortars
279 activated with NaOH required lower s/s ratio to achieve the estab-
280 lished workability. As general trend, it can be noted that an
281 increase in the aggregate/slag ratio required an increase in the s/
282 s ratio, which is expectable since the amount of solid particle to
283 lubricate is higher in mortar with higher proportion of sand. On
284 the other hand, the amount of activating solution required is
285 related to the aggregate type. It was observed that recycled aggre-
286 gate needed the highest s/s ratio, whereas the silica sand required
287 the lower one. Once again, the explanation is found in the specific
288 surface to be wet for each type of aggregate. In this case, the pro-
289 portion of small particles (under 63 mm) determines significant dif-
290 ferences in the solution demand. As it can be observed in Table 2,
291 the aggregate with higher level of particles under 63 mm is recycled
292 aggregate, and the aggregate with lower quantity of particles in
293 this range is silica sand. This tendency is consistent with both types
294 of activating solution. In addition, in Table 2, it can be also appre-
295 ciated that the water absorption of each type of aggregate is in
296 accordance with the solution/slag ratio required to achieve the
297 desired workability. It should be noted the very high water absorp-
298 tion of the recycled concrete aggregate which is due to the mortar
299 included in that type of aggregate, whose own porosity would act
300 as a significant water (or activating solution) absorbent.

301 3.2. Pore size distributions of mortars

302 Total porosity of alkali activated SiMn mortars after 90 days of
303 curing time are presented in Fig. 4. The selection of mortars have
304 been done according to general mechanical performance criteria.
305 Although it will be discussed later, the higher compressive strength
306 was obtained, in general terms, by mortars with higher activator
307 concentration, i.e. 4.0% Na2O in the case of NaOH, and 5.0% Na2O
308 for WG. In Fig. 4, it can be observed that mortars prepared with
309 NaOH showed higher porosity within the pore range of the tech-
310 nique used (from 0.0035 mm to 250 mm) than mortars activated
311 with WG, which is in accordance to previous studies [38]. With
312 regards to the influence of the type of aggregate, these results

313agree with the granulometric characteristics of each aggregate
314and consequently with the different demand of activating solution
315needed to achieve the required workability, which directly deter-
316mines their final porosity. It can be noted that mortars with silica
317sand with an aggregate/slag ratio of 2/1 exhibited the lower total
318porosity. Mortars with limestone sand and aggregate/slag ratio of
3192/1 presented slightly higher porosity than mortars with silica
320sand and the same aggregate proportion. Both of themwere closely
321followed by mortar with silica sand but aggregate/slag ratio of 3/1.
322Finally, the most remarkable evidence was the very high porosity
323presented by mortar prepared with recycled concrete aggregate,
324which was approximately double the porosity offered by the rest
325of the mortars. Obviously, part of the porosity increase of the mor-
326tar fabricated with recycled aggregate is due to the old mortar
327included in the aggregate. Besides, the higher porosity of mortar
328with silica sand an aggregate/slag ratio of 3/1 respect to those with
329ratio 2/1 is due to the lower quantity of binder paste able to fill the
330pores and the higher quantity of aggregate which implies a higher
331demand of activating solution to obtain the desired workability.
332This fact will produce lower mechanical strength of mortars with
333higher aggregate/slag ratio since, in alkali activated systems, which
334do not generate hydrated products, an excessive s/s ratio leads to a
335high porosity that will not decrease with time [39].

Table 3
Summary of the selected s/s ratio which provided a minimum slump of 160 mm after
40 min.

Type of
activator

Type of
aggregate

Aggregate/slag
ratio

Selected s/s
ratio

NaOH Silica 3 0.47
Silica 2 0.37
Limestone 2 0.45
Recycled 2 0.53

WG Silica 3 0.50
Silica 2 0.40
Limestone 2 0.47
Recycled 2 0.53
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336 Fig. 5 shows pore size distributions of selected alkali activated
337 SiMn slag mortars after 90 days of curing time. As it can be
338 observed, most of the porosity volume is located in pores with
339 diameter lower than 0.1 mm. In addition, in general terms, mortars
340 including recycled concrete aggregate exhibit larger porosity vol-
341 ume in almost any porosity range, although the most evident dif-
342 ference appears in the lower porosity interval, where mortars
343 with recycled aggregated presents double the volume of porosity
344 than the rest of mortars. Minor differences are observed among
345 the rest of mortars.

346 3.3. Mechanical properties

347 Fig. 6 presents flexural strength results of alkali activated SiMn
348 slag mortars with silica sand, two aggregate/slag ratios and both
349 activators at different curing ages. The main observation that can
350 be stated is the best performance offered by mortars with an
351 aggregate/slag ratio of 2/1. The reason for this behaviour may be
352 found in the modifications introduced by the change in the propor-
353 tion of aggregate [40,41]. Those mortars with higher proportion of
354 sand would produce a lower amount of activated paste, i.e. SiMn
355 slag plus alkaline solution, that is available to give cohesion to
356 the aggregates. Besides, they will require higher s/s and thus higher
357 porosity would be produce in those mortars. This behaviour is
358 more evident for those mortars where WG has been used as activa-
359 tor, in which negligible flexural strength was detected for mortars
360 with the lower %Na2O at any age. Besides, other problems pre-
361 sented by mortars with higher aggregate/slag ratio was the
362 decrease of flexural strength at 90 days of curing age recorded
363 for mortars activated with NaOH. Regarding the influence of %
364 Na2O on the flexural strength, the best performance was obtained
365 for the higher concentration (4.0%) in the case of NaOH and the
366 intermediate concentration (4.5%) for WG when the aggregate/slag
367 ratio was 2/1. For mortars with the higher aggregate/slag ratio
368 (3/1), the best results were shifted to higher %Na2O for both activa-
369 tors. That would support the arguments about the effect of sand
370 proportions pointed out before, since the effective activator con-
371 centration for these mortars would be lower than the activator
372 concentration of mortars with aggregate/slag ratio of 2/1. In terms
373 of the influence of the activator type, and observing the results
374 belonging to the lower aggregate/slag ratio, which were more con-
375 sistent, it was noticed that NaOH showed higher flexural strength
376 at early ages (7 days). At 28 days of curing time, both activators
377 offered similar results and WG behaved better at 90 days of curing

378time. The higher flexural strength was achieved by silica sand mor-
379tar with aggregate/slag ratio of 2/1, WG as activator and 4.5% of
380Na2O at 90 days of curing time, which offered 9.0 MPa. In the case
381of using NaOH as activator the best result was obtained by the
382mortar with an aggregate/slag ratio of 2/1, and 4.0% of Na2O, which
383registered 8.0 MPa at 28 days of curing time.
384Compressive strength values offered by alkali activated SiMn
385slag mortars with silica sand and two aggregate/slag ratios and
386both activators at different curing ages are presented in Fig. 7. As
387it was previously pointed out, the best performance was achieved
388by mortars with lower aggregate content. Once again, mortars pre-
389pared with WG were more sensitive to the detrimental effect of
390higher aggregate/slag ratio. These results agree with previous
391researches made on pastes [9], although the presence of the aggre-
392gate, in this case, seems to delay the strength gain. With regards to
393the influence of activator type, the WG clearly offered higher com-
394pressive strength than NaOH, especially at longer curing times as it
395was expected [23,35]. As it has been previously reported, mortars
396prepared with WG required higher s/s, but the total porosity that
397they exhibited was lower and the mechanical performance was
398better, which is due to the main role played by the silicate anion
399in the activation process. Silicate anion accelerated the setting, so
400higher s/s had to be used in order to achieve the desired workabil-
401ity. Besides, an enhanced contribution to the C-A-S-H gel formation
402was derived and thus the microstructure would be densified and
403the mechanical strengths improved. An exception to this can be
404found in mortars with WG, aggregate/slag ratio of 3/1 and low %
405Na2O, whose results were lower at any curing age since two nega-
406tive effects merge for them: a low activator concentration, and the
407increase in the pore volume due to the high s/s ratio [23]. The best
408value of compressive strength was achieved by mortars with
409aggregate/slag ratio of 2/1, WG as activator, and %Na2O of 4.5%-
4105.0% at 90 days; these mortars offered 68 MPa. In the case of using
411NaOH as activator, the higher compressive strength was reached
412by a mortar with aggregate/slag ratio of 2/1 and 4.0% of Na2O con-
413tent at 90 days; a value of 54 MPa was obtained.
414Once it has been clearly shown that the increase in the aggre-
415gate content would lead to a decrease in the mechanical perfor-
416mance, only the lower aggregate/slag ratio was used with the
417other two types of aggregates, i.e. limestone sand and recycled
418concrete aggregate. Fig. 8 shows flexural strength results of alkali
419activated SiMn slag mortars with an aggregate/slag ratio of 2/1
420and two different aggregates (limestone and recycled sand) and
421both activators at different curing ages. The most evident observa-
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Fig. 5. Pore size distributions of selected alkali activated SiMn slag mortars after 90 days of curing time.
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Fig. 6. Flexural strength of alkali activated SiMn slag mortars with silica sand and two aggregate/slag ratios (left: 3/1; right: 2/1) and both activators (top: NaOH: bottom:
WG) at different curing ages.
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Fig. 7. Compressive strength of alkali activated SiMn slag mortars with silica sand and two aggregate/slag ratios (left: 3/1; right: 2/1) and both activators (top: NaOH: bottom:
WG) at different curing ages.
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422 tion is the poor performance offered by recycled aggregate. Flexu-
423 ral strength of mortars containing recycled aggregate was negligi-
424 ble at any curing age when NaOH was used as activator: only a
425 value of 2.5 MPa could be registered by the mortar with the higher
426 activator concentration at 90 days of curing age. If WG was used as
427 activator for mortars prepared with recycled aggregate, moderate
428 flexural strength values were obtained at 28 days of curing time
429 (4–5.5 MPa), but a decrease of them was observed at 90 days of
430 curing time. A similar effect was observed for mortars with NaOH,
431 aggregate/slag = 3/1 and silica sand. A hypothesis to explain the
432 poor performance of recycled concrete aggregate mortars could
433 be found on the physical characteristics of this particular aggre-
434 gate. As it can be observed in Table 2, the water absorption capac-
435 ity of recycled aggregate is much higher than those registered for
436 the other fine aggregates (6.58% vs 1.74% and 0.21%). This charac-
437 teristic imposed the use of a higher solution to slag ratio (see
438 Table 3) with the aim of obtaining the required workability of mor-
439 tars, and it would have an impact in the final density and porosity
440 of mortars, which is in agreement with the results provided by
441 Figs. 4 and 5.
442 The other natural aggregate, i.e. limestone sand, behaved simi-
443 larly to silica sand, although the flexural strength values that they
444 offered were not so high. In this case, the best Na2O contents were
445 the highest for both activators (4.0% for NaOH and 5.0% for WG)
446 and, in general, WGwas again the best activator in terms of its per-
447 formance in flexural strength. Besides, all mortar prepared with
448 limestone sand increased their flexural strength with time. The
449 higher flexural strength was obtained by mortars with WG as acti-
450 vator and 4.5–5.0% of Na2O at 90 days of curing time, which offered
451 8.3 MPa. In the case of using NaOH as activator the best result was
452 obtained by the mortar with 4.0% of Na2O, which registered 6.3
453 MPa at 90 days of curing time. These values are 8% and 21% lower
454 than the best flexural strength results obtained by silica sand

455mortars and WG and NaOH, respectively. The lower performance
456of this type of aggregate may be supported by the lower physical
457characteristics of the limestone aggregate, which offered higher
458water absorption capacity that implied to increase the amount of
459solution to be used in the mix. Again these results are coherent
460with the registered porosity of those mortars.
461Fig. 9 presents compressive strength results of alkali activated
462SiMn slag mortars with an aggregate/slag ratio of 2/1 and two dif-
463ferent aggregates (limestone sand and recycled concrete sand) and
464both activators at different curing ages. The same behaviour
465observed in these mortars in terms of their flexural strength can
466be appreciated in the case of their compressive strength. Mortars
467that included recycled sand offered a limited development of com-
468pressive strength. This results could be expected according to the
469absorption of the activating solutions that can occurs due to the
470porosity of the old mortar included in the recycled concrete aggre-
471gate [42], although there is not a general consensus about the
472effect of recycled aggregates on alkali activated systems. In some
473cases no differences were observed in compressive strengths of
474concretes made with alkali activated slag in the case of a total nat-
475ural coarse aggregate replacement by recycled concrete aggregate
476[43,44]. On the other hand, other studies made on alkali activated
477fly ash concrete showed a decrease of compressive strength when a
47850% of natural coarse aggregate was replaced by recycled aggregate
479[15,45]. In present research a clear detrimental effect of the recy-
480cled aggregate can be reported. A clear relationship between
481Na2O concentration and compressive strength was observed: the
482highest the Na2O content, the highest the compressive strength
483that is registered for both activators and both types of sand, which
484is good agreement with previous studies [23,35]. Also, as it should
485be expected, mortars gained strength with curing time in any case.
486Comparing the influence of the activator type, it can be observed
487again that WG is more sensitive to the activator concentration
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Fig. 8. Flexural strength of alkali activated SiMn slag mortars with an aggregate/slag ratio of 2/1 and two different aggregates (left: limestone sand; right: recycled sand) and
both activators (top: NaOH: bottom: WG) at different curing ages.
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488 and alsoWG behaves better than NaOH in general terms, especially
489 at longer curing times as it was previously stated by other authors
490 [35]. The best records of compressive strength achieved by mortars
491 with WG as activator were obtained for %Na2O of 5.0% at 90 days;
492 these mortars offered 52 MPa for limestone sand mortars and 32
493 MPa for recycled sand mortars, which implies a 24% and 53% lower
494 than the equivalent silica sand mortar, respectively. In the case of
495 using NaOH as activator, the higher compressive strengths were
496 achieved by mortars with 4.0% of Na2O content at 90 days; values
497 of 40 MPa for limestone sand mortars and 18 MPa for recycled con-
498 crete sand were registered, which implies a decrease of 26% and
499 67% respect to equivalent silica sand mortars, respectively.
500 With regards to the influence of sand type in the mortar beha-
501 viour, it can be observed, as it is expected, a clear influence on the
502 mechanical strength of both the mineralogical origin and the par-
503 ticle size distribution. The higher hardness of silica sand in junction
504 to its lower absorption and lower finer fraction content, explain the
505 higher mechanical strength obtained.

506 3.4. Shrinkage evolution

507 Fig. 10 shows an example of deformation evolution to observe
508 the typical shrinkage behaviour of alkali activated SiMn slag mor-
509 tars. With this aim, only mortars with silica sand and aggregate to
510 slag ratio of 2/1 are depicted, although the rest of mortars prepared
511 with the other fine aggregates or aggregate to slag ratio presented
512 similar evolutions. Different storage conditions were used to deter-
513 mine different origin shrinkage. A set of mortars was stored in
514 100% RH to monitor autogenous shrinkage (Fig. 10 top), and
515 another set was stored in 50% RH ambient to register joint autoge-
516 nous and drying shrinkage (Fig. 10 middle). The difference between
517 the deformations registered in both conditions was used to deter-
518 mine the drying shrinkage (Fig. 10 bottom). From Fig. 10, it can be
519 observed that dimensional stability is achieved earlier for mortars

520activated with WG in dry conditions (50% RH), which did not expe-
521rienced significant length changes after 20 days. Mortars prepared
522with NaOH had to wait almost 50 days to stabilize their length. In
523general, mortars prepared with WG presented higher total shrink-
524age than those ones prepared with NaOH, as it was expected
525according to previous references [35,38,46].
526Fig. 11 presents autogenous and drying shrinkage of alkali acti-
527vated SiMn slag mortars with different types of aggregates and
528activators. These values have been calculated as the average of
529the last four values registered for each mortar mix. In general
530terms, mortars which were activated with NaOH presented lower
531autogenous and drying shrinkage. This observation could be
532opposed to the higher porosity presented by NaOH-activated mor-
533tars, but it should be considered that WG-activated SiMn slag bin-
534ders would have a significant volume of porosity below the limit of
535detection of conventional mercury intrusion porosimeter. In fact,
536the lower the diameter of pore, the higher the capillary forces that
537produce shrinkage. For this reason, mortars activated with WG,
538which would have a part of their porosity in the lower range would
539exhibit higher shrinkage. To support this argument Fig. 12 presents
540the pore size distributions of alkali activated SiMn slag pastes at
54128 days of curing in 100% RH ambient. It can be deduced that in
542pastes activated with WG, a wide portion of the binder porosity
543is located below the detection limit of the mercury intrusion
544porosimeter.
545Regarding the magnitude of the both types of shrinkage, it can
546be noticed that drying shrinkage is more significant that autoge-
547nous shrinkage, except for mortars prepared with recycled con-
548crete aggregate which show similar contributions of both types
549of shrinkage, independent of the type of activator.
550The type of aggregate also plays a similar role independently of
551the type of activator but in a different extent. When NaOH was
552used as activator, mortars with recycled concrete aggregate offered
553the highest autogenous shrinkage, and mortars with silica sand

7d 28d 90d
0

10

20

30

40

50

60

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)
 3.0% Na2O
 3.5% Na2O
 4.0% Na2O

7d 28d 90d
0

10

20

30

40

50

60

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)

7d 28d 90d
0

10

20

30

40

50

60

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)  4.0% Na2O
 4.5% Na2O
 5.0% Na2O

7d 28d 90d
0

10

20

30

40

50

60

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)

Fig. 9. Compressive strength of alkali activated SiMn slag mortars with an aggregate/slag ratio of 2/1 and two different aggregates (left: limestone sand; right: recycled sand)
and both activators (top: NaOH: bottom: WG) at different curing ages.
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554 and aggregate/slag ratio of 2/1 achieved the highest drying shrink-
555 age for all activator concentrations. However, for NaOH activation,
556 autogenous shrinkage was approximately similar for all types of
557 aggregate, and higher differences could be observed in drying
558 shrinkage. On the other hand, when WG was used as activator,
559 mortars with recycled aggregate showed much higher autogenous
560 shrinkage than the rest of mortars, and mortars with silica sand
561 and aggregate/slag ratio of 2/1 registered again a slightly higher
562 drying shrinkage. These results could be explained by the pore size
563 distributions presented by Fig. 5. As it was previously mentioned,
564 autogenous shrinkage is directly related to the lower diameter
565 porosity. In Fig. 5, in can be noticed that mortars with recycled con-
566 crete aggregated presented the higher porosity value in the lower
567 pore diameter range. That fact, in junction with the very low
568 mechanical strength presented by mortars with recycled aggregate
569 at early age would support the much higher autogenous shrinkage
570 of those mortars. On the other hand the low drying shrinkage of
571 mortars with recycled aggregates could be related with its actua-
572 tion as internal curing agent, since the increase in the s/s that
573 was imposed to meet the workability requirement would act as
574 the pre-saturation step of the aggregates adopted by other
575 researchers [42]. Besides, the higher drying shrinkage that was reg-
576 istered for mortars with silica sand and aggregate/slag ratio of 2/1
577 could be explained by the denser matrix formed by the that partic-
578 ular mix design which was evidenced by their improved mechan-

579ical performance. Shrinkage mainly depends on the smallest
580micropores (<2.5 nm), but the porosity within that range do not
581affect mechanical strength, which mainly depends of higher diam-
582eter pores (>10 nm) [38]. Usually, the more efficient the alkali acti-
583vation process, the higher drying shrinkage it is registered. Finally,
584the good performance in terms of dimensional stability offered by
585mortars with silica sand and aggregate/slag ratio of 3/1, could be
586explained by the higher proportion of inert part, i.e. the aggregate,
587which would support the low shrinkage registered in spite of their
588poor mechanical performance. It is widely accepted that a high
589quantity of aggregates in the mix contribute to the stiffness and
590dimensional stability of the material, so they help to control the
591shrinkage.
592Finally, it was also observed that the activator concentration did
593not significantly affect autogenous and drying shrinkage. In addi-
594tion, the high values of drying shrinkage detected would support
595the evident need of using shrinkage reducing admixtures for these
596types of binders, or alternatively, to limit their use in precast ele-
597ments in which the curing process is much more controlled.

5984. Conclusions

599This work has studied the mechanical performance and dimen-
600sional stability of mortars whose binder has been prepared by
601alkali activation of ground granulated SiMn slag. Solutions of
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602 sodium hydroxide and waterglass have been used activator, and
603 different types of aggregates have been incorporated: silica sand,
604 limestone sand, and recycled sand obtained from recycled con-
605 crete. The collected results have concluded that:

606 1. The best flexural and compressive strength results were
607 obtained for an aggregate/slag ratio of 2/1 when silica sand
608 was used as aggregate, and WG as activator.
609 2. The mechanical strength provided by recycled concrete aggre-
610 gate was much lower than the results achieved by silica and
611 limestone aggregates.
612 3. Higher shrinkage was registered in mortars activated with WG,
613 although autogenous shrinkage was low for all types of activa-
614 tors and aggregates, except for recycled concrete aggregate.

6154. The best type of aggregate for mortar preparation was silica
616sand, although limestone sand also offered a good performance.
617
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1 10 100 1000 10000 100000

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

P
or

e 
vo

lu
m

e 
(m

l/g
)

Pore diameter (nm)

 NaOH - 4.0% Na
2
O

 WG - 5.0% Na
2
O

Fig. 12. Pore size distributions of alkali activated SiMn slag pastes at 28 days of
curing in 100% RH ambient.

10 R. Navarro et al. / Construction and Building Materials xxx (2018) xxx–xxx

JCBM 13480 No. of Pages 11, Model 5G

17 July 2018

Please cite this article in press as: R. Navarro et al., Mechanical properties of alkali activated ground SiMn slag mortars with different types of aggregates,
Constr. Build. Mater. (2018), https://doi.org/10.1016/j.conbuildmat.2018.07.093

https://doi.org/10.1016/j.cemconres.2011.03.016
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.1016/j.jclepro.2014.03.018
https://doi.org/10.1016/j.jclepro.2015.04.136
https://doi.org/10.1016/j.jclepro.2015.04.136
https://doi.org/10.1016/j.cemconcomp.2013.03.026
https://doi.org/10.1016/j.cemconcomp.2013.03.026
https://doi.org/10.1016/j.conbuildmat.2018.07.093


649 [7] J.L. Provis, A. Palomo, C. Shi, Advances in understanding alkali-activated
650 materials, Cem. Concr. Res. 78 (2015) 110–125, https://doi.org/10.1016/j.
651 cemconres.2015.04.013.
652 [8] S.K. Nath, S. Kumar, Reaction kinetics, microstructure and strength behavior of
653 alkali activated silico-manganese (SiMn) slag – Fly ash blends, Constr. Build.
654 Mater. 147 (2017) 371–379, https://doi.org/10.1016/
655 j.conbuildmat.2017.04.174.
656 [9] R. Navarro, E. Zornoza, P. Garcés, I. Sánchez, E.G. Alcocel, Optimization of the
657 alkali activation conditions of ground granulated SiMn slag, Constr. Build.
658 Mater. 150 (2017) 781–791, https://doi.org/10.1016/
659 j.conbuildmat.2017.06.064.
660 [10] S. Akçaözoǧlu, C. Ulu, Recycling of waste PET granules as aggregate in alkali-
661 activated blast furnace slag/metakaolin blends, Constr. Build. Mater. 58 (2014)
662 31–37, https://doi.org/10.1016/j.conbuildmat.2014.02.011.
663 [11] B.M. Mithun, M.C. Narasimhan, Performance of alkali activated slag concrete
664 mixes incorporating copper slag as fine aggregate, J. Clean. Prod. 112 (2016)
665 837–844, https://doi.org/10.1016/j.jclepro.2015.06.026.
666 [12] A. Wongsa, Y. Zaetang, V. Sata, P. Chindaprasirt, Properties of lightweight fly
667 ash geopolymer concrete containing bottom ash as aggregates, Constr. Build.
668 Mater. 111 (2016) 637–643, https://doi.org/10.1016/
669 j.conbuildmat.2016.02.135.
670 [13] P. Saiz Martínez, M. González Cortina, F. Fernández Martínez, A. Rodríguez
671 Sánchez, Comparative study of three types of fine recycled aggregates from
672 construction and demolition waste (CDW), and their use in masonry mortar
673 fabrication, J. Clean. Prod. 118 (2016) 162–169, https://doi.org/10.1016/j.
674 jclepro.2016.01.059.
675 [14] A. Arulrajah, A. Mohammadinia, I. Phummiphan, S. Horpibulsuk, W.
676 Samingthong, Stabilization of recycled demolition aggregates by
677 geopolymers comprising calcium carbide residue, fly ash and slag
678 precursors, Constr. Build. Mater. 114 (2016) 864–873, https://doi.org/
679 10.1016/j.conbuildmat.2016.03.150.
680 [15] F.U.A. Shaikh, Mechanical and durability properties of fly ash geopolymer
681 concrete containing recycled coarse aggregates, Int. J. Sustain. Built Environ. 5
682 (2016) 277–287, https://doi.org/10.1016/j.ijsbe.2016.05.009.
683 [16] D.M.A. Huiskes, A. Keulen, Q.L. Yu, H.J.H. Brouwers, Design and performance
684 evaluation of ultra-lightweight geopolymer concrete, Mater. Des. 89 (2016)
685 516–526, https://doi.org/10.1016/j.matdes.2015.09.167.
686 [17] Y. Park, A. Abolmaali, Y.H. Kim, M. Ghahremannejad, Compressive strength of
687 fly ash-based geopolymer concrete with crumb rubber partially replacing
688 sand, Constr. Build. Mater. 118 (2016) 43–51, https://doi.org/10.1016/
689 j.conbuildmat.2016.05.001.
690 [18] L. Reig, M.A. Sanz, M.V. Borrachero, J. Monzó, L. Soriano, J. Payá, Compressive
691 strength and microstructure of alkali-activated mortars with high ceramic
692 waste content, Ceram. Int. 43 (2017) 13622–13634, https://doi.org/10.1016/j.
693 ceramint.2017.07.072.
694 [19] C. Neno, J. de Brito, R. Veiga, Using fine recycled concrete aggregate for mortar
695 production, Mater. Res. 17 (2014) 168–177, https://doi.org/10.1590/S1516-
696 14392013005000164.
697 [20] F. Puertas, R. Santos, M.D.M. Alonso, M. Del Río, Alkali-activated cement
698 mortars containing recycled clay-based construction and demolition waste,
699 Ceram. – Silikaty 59 (2015) 202–210.
700 [21] J. Péra, J. Ambroise, M. Chabannet, Properties of blast-furnace slags containing
701 high amounts of manganese, Cem. Concr. Res. 29 (1999) 171–177, https://doi.
702 org/10.1016/S0008-8846(98)00096-9.
703 [22] F. Puertas, Escorias de alto horno : composición y comportamiento hidráulico,
704 Mater. Construcción 43 (1993) 37–48, https://doi.org/10.3989/mc.1993.v43.
705 i229.687.
706 [23] S.-D.D. Wang, K.L. Scrivener, P.L.L. Pratt, Factors affecting the strength of alkali-
707 activated slag, Cem. Concr. Res. 24 (1994) 1033–1043, https://doi.org/10.1016/
708 0008-8846(94)90026-4.
709 [24] A.G. De La Torre, S. Bruque, M.A.G. Aranda, Rietveld quantitative amorphous
710 content analysis, J. Appl. Crystallogr. 34 (2001), https://doi.org/10.1107/
711 S0021889801002485.

712[25] UNE 80225:2012. Methods of testing cement. Chemical analysis.
713Determination of reactive SiO2 content in cements, puzzolanas and fly ash,
714(2012).
715[26] UNE 196-2:2014. Method of testing cement. Part 2: Chemical analysis of
716cement, (2014).
717[27] F. Pacheco-Torgal, J. Castro-Gomes, S. Jalali, Alkali-activated binders: a review.
718Part 2. About materials and binders manufacture, Constr. Build. Mater. 22
719(2008) 1315–1322, https://doi.org/10.1016/j.conbuildmat.2007.03.019.
720[28] UNE EN 196-6:2010 Methods of testing cement. Part 6: Determination of
721fineness, (2010).
722[29] E.M. de Fomento, E.C.P. del Hormigón, EHE-08 : Instrucción de hormigón
723estructural: con comentarios de los miembros de la Comisión Permanente del
724Hormigón, in: Norm. Instr./Minist. Fom., 2010.
725[30] UNE 146301:2002 Aggregates. Fineness modulus of the fine aggregate, 2002.
726[31] UNE-EN 1097-6:2014 Tests for mechanical and physical properties of
727aggregates – Part 6: Determination of particle density and water absorption,
7282014.
729[32] EN 196-1:2005. Methods of testing cement. Part 1: determination of strength,
7302005.
731[33] UNE-EN 1015-3:2000/A2:2007 Methods of test for mortar for masonry – Part
7323: Determination of consistence of fresh mortar (by flow table), 2007.
733[34] UNE 80112:2016 Test methods of cements. Physical analysis. Determination of
734contraction in air and expansion in water, 2016.
735[35] A. Fernandez-Jimenez, F. Puertas, Effect of activator mix on the hydration and
736strength behaviour of alkali-activated slag cements, Adv. Cem. Res. 15 (2003)
737129–136, https://doi.org/10.1680/adcr.15.3.129.36623.
738[36] F. Puertas, C. Varga, M.M. Alonso, Rheology of alkali-activated slag pastes.
739Effect of the nature and concentration of the activating solution, Cem. Concr.
740Compos. 53 (2014) 279–288, https://doi.org/10.1016/j.
741cemconcomp.2014.07.012.
742[37] T. Bakharev, J.G. Sanjayan, Y.B. Cheng, Alkali activation of Australian slag
743cements, Cem. Concr. Res. 29 (1999) 113–120, https://doi.org/10.1016/S0008-
7448846(98)00170-7.
745[38] C. Shi, Strength, pore structure and permeability of alkali-activated slag
746mortars, Cem. Concr. Res. 26 (1996) 1789–1799, https://doi.org/10.1016/
747S0008-8846(96)00174-3.
748[39] J.L. Provis, P. Duxson, J.S.J. van Deventer, The role of particle technology in
749developing sustainable construction materials, Adv. Powder Technol. 21
750(2010) 2–7, https://doi.org/10.1016/j.apt.2009.10.006.
751[40] M.M. Alonso, S. Gismera, M.T. Blanco, M. Lanzón, F. Puertas, Alkali-activated
752mortars: workability and rheological behaviour, Constr. Build. Mater. 145
753(2017) 576–587, https://doi.org/10.1016/j.conbuildmat.2017.04.020.
754[41] O. Burciaga-Díaz, M.R. Díaz-Guillén, A.F. Fuentes, J.I. Escalante-Garcia, Mortars
755of alkali-activated blast furnace slag with high aggregate:binder ratios, Constr.
756Build. Mater. 44 (2013) 607–614, https://doi.org/10.1016/
757j.conbuildmat.2013.03.057.
758[42] N.K. Lee, S.Y. Abate, H.-K. Kim, Use of recycled aggregates as internal curing
759agent for alkali-activated slag system, Constr. Build. Mater. 159 (2018) 286–
760296, https://doi.org/10.1016/J.CONBUILDMAT.2017.10.110.
761[43] P. Kathirvel, S.R.M. Kaliyaperumal, Influence of recycled concrete aggregates
762on the flexural properties of reinforced alkali activated slag concrete, Constr.
763Build. Mater. 102 (2016) 51–58, https://doi.org/10.1016/J.
764CONBUILDMAT.2015.10.148.
765[44] K. Parthiban, K. Saravana Raja Mohan, Influence of recycled concrete
766aggregates on the engineering and durability properties of alkali activated
767slag concrete, Constr. Build. Mater. 133 (2017) 65–72, https://doi.org/10.1016/
768J.CONBUILDMAT.2016.12.050.
769[45] P. Nuaklong, V. Sata, P. Chindaprasirt, Influence of recycled aggregate on fly ash
770geopolymer concrete properties, J. Clean. Prod. 112 (2016) 2300–2307, https://
771doi.org/10.1016/j.jclepro.2015.10.109.
772[46] J.L. Provis, J.S.J. Van Deventer, Alkali Activated Materials : State-of-the-Art
773Report, RILEM TC 224-AAM, n.d.

774

R. Navarro et al. / Construction and Building Materials xxx (2018) xxx–xxx 11

JCBM 13480 No. of Pages 11, Model 5G

17 July 2018

Please cite this article in press as: R. Navarro et al., Mechanical properties of alkali activated ground SiMn slag mortars with different types of aggregates,
Constr. Build. Mater. (2018), https://doi.org/10.1016/j.conbuildmat.2018.07.093

https://doi.org/10.1016/j.cemconres.2015.04.013
https://doi.org/10.1016/j.cemconres.2015.04.013
https://doi.org/10.1016/j.conbuildmat.2017.04.174
https://doi.org/10.1016/j.conbuildmat.2017.04.174
https://doi.org/10.1016/j.conbuildmat.2017.06.064
https://doi.org/10.1016/j.conbuildmat.2017.06.064
https://doi.org/10.1016/j.conbuildmat.2014.02.011
https://doi.org/10.1016/j.jclepro.2015.06.026
https://doi.org/10.1016/j.conbuildmat.2016.02.135
https://doi.org/10.1016/j.conbuildmat.2016.02.135
https://doi.org/10.1016/j.jclepro.2016.01.059
https://doi.org/10.1016/j.jclepro.2016.01.059
https://doi.org/10.1016/j.conbuildmat.2016.03.150
https://doi.org/10.1016/j.conbuildmat.2016.03.150
https://doi.org/10.1016/j.ijsbe.2016.05.009
https://doi.org/10.1016/j.matdes.2015.09.167
https://doi.org/10.1016/j.conbuildmat.2016.05.001
https://doi.org/10.1016/j.conbuildmat.2016.05.001
https://doi.org/10.1016/j.ceramint.2017.07.072
https://doi.org/10.1016/j.ceramint.2017.07.072
https://doi.org/10.1590/S1516-14392013005000164
https://doi.org/10.1590/S1516-14392013005000164
https://doi.org/10.1016/S0008-8846(98)00096-9
https://doi.org/10.1016/S0008-8846(98)00096-9
https://doi.org/10.3989/mc.1993.v43.i229.687
https://doi.org/10.3989/mc.1993.v43.i229.687
https://doi.org/10.1016/0008-8846(94)90026-4
https://doi.org/10.1016/0008-8846(94)90026-4
https://doi.org/10.1107/S0021889801002485
https://doi.org/10.1107/S0021889801002485
https://doi.org/10.1016/j.conbuildmat.2007.03.019
https://doi.org/10.1680/adcr.15.3.129.36623
https://doi.org/10.1016/j.cemconcomp.2014.07.012
https://doi.org/10.1016/j.cemconcomp.2014.07.012
https://doi.org/10.1016/S0008-8846(98)00170-7
https://doi.org/10.1016/S0008-8846(98)00170-7
https://doi.org/10.1016/S0008-8846(96)00174-3
https://doi.org/10.1016/S0008-8846(96)00174-3
https://doi.org/10.1016/j.apt.2009.10.006
https://doi.org/10.1016/j.conbuildmat.2017.04.020
https://doi.org/10.1016/j.conbuildmat.2013.03.057
https://doi.org/10.1016/j.conbuildmat.2013.03.057
https://doi.org/10.1016/J.CONBUILDMAT.2017.10.110
https://doi.org/10.1016/J.CONBUILDMAT.2015.10.148
https://doi.org/10.1016/J.CONBUILDMAT.2015.10.148
https://doi.org/10.1016/J.CONBUILDMAT.2016.12.050
https://doi.org/10.1016/J.CONBUILDMAT.2016.12.050
https://doi.org/10.1016/j.jclepro.2015.10.109
https://doi.org/10.1016/j.jclepro.2015.10.109
https://doi.org/10.1016/j.conbuildmat.2018.07.093

	Mechanical properties of alkali activated ground SiMn slag mortars with different types of aggregates
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Sample preparation and tests

	3 Results and discussion
	3.1 Fluidity and workability tests
	3.2 Pore size distributions of mortars
	3.3 Mechanical properties
	3.4 Shrinkage evolution

	4 Conclusions
	Conflict of interest
	Acknowledgements
	References


